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REMARKS 



Claims 1-116 were pending in the application. Claims 1-29, 36-73, 75-88 and 95- 
115 were withdrawn from consideration as directed to non-elected inventions. Claims 
30-34 and 116 have been amended. Claims 74 and 89-94 have been cancelled without 
prejudice. 

The title of the invention has been amended to more clearly describe the claimed 
invention. Support for this amendment can be found throughout the application as 
originally filed, including for example, in paragraph [00283]. 

Claim 30 was amended to incorporate the limitations of withdrawn claim 1, to 
recite specific levels of sequence identity, and to specify that the polypeptide encodes a 
potassium channel. Claims 31 and 32 were amended to recite specific levels of sequence 
identity and to remove reference to non-elected sequences. Claim 33 was amended to 
recite that the polypeptide encodes a human potassium channel. Claim 34 was amended 
to recite that the polypeptide encodes a human TREK-2 channel. Claim 116 was 
amended to remove reference to non-elected sequences and to recite that the chimeric 
receptor comprises a functional domain of TREK-2. Support for the amendments can be 
found throughout the application as originally filed including, in paragraphs [00010], 
[00050] and [00283]. 

No new matter has been added. 

Upon entry of this amendment, claims 30-35 and 1 16 will be pending. 



The Office Action alleges that "the applications upon which priority is claimed 
fails to provide adequate support under 35 U.S.C. 112 for claims 30-35, 74, 89-94 and 
116 ..." Applicants do not agree. 

As will be discussed in greater detail below in relation to the rejection under 35 
U.S.C. §§ 101, 112, and 102, both the present application and U.S. provisional 
applications 60/203,305 and 60/216,893 satisfy the requirements of 35 U.S.C §§ 101 and 
1 12, first paragraph. Pages 2-3 of U.S. provisional application 60/203,305 recites, inter 
alia, that the claimed receptor is a 4Tm-2P potassium channel and identifies closely 
related family members (TASK and TREK-1). Page 37 of U.S. provisional 60/203,305 
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further recites that the claimed polypeptide is a human TREK-2 channel. Pages 40-41 of 
U.S. provisional 60/203,305 recites results of tissue expression profiling of the claimed 
sequences. Accordingly, Applicants assert that the applications upon which priority is 
claimed do provide adequate support under 35 U.S.C. §112 and that the present invention 
is entitled to the priority dates of U.S. provisional applications 60/203,305 and 
60/216,893. 

Rejection under 35 U.S.C. §112, second paragraph 

Claims 30-35, 74, 89-94 and 116 stand rejected under 35 U.S.C. §112, second 
paragraph, as allegedly indefinite. The Office alleges that the claims "recite or 
encompass SEQ ID NO: sequences which are not elected ..." (Office Action, page 4). 
Although Applicants do not agree, Applicants have amended the claims to remove 
reference to non-elected sequences, thereby rendering the rejection moot. 

Rejection under 35 U.S.C. §101 

Claims 30-35, 74, 89-94 and 116 stand rejected under 35 U.S.C. § 101 because 
the claimed invention allegedly "is not supported by either substantial asserted utility or a 
well established utility" and that "further research to identify or reasonably confirm a 
'real world' context of use is required." (Office Action, pages 2-3). (Office Action, page 
2). Applicants respectfully disagree. The claimed invention is supported by a substantial 
asserted utility and a well established utility. 

The specification discloses that the claimed receptor is a 4Tm-2P potassium 
receptor and, more specifically, identifies the receptor as a TREK-2 receptor, (see, for 
example, paragraph [00283]). As set forth in the specification, 4Tm-2P receptors are 
"postulated to be responsible for the background potassium ion currents that are thought 
to set the resting membrane potential (Lesage F and Lazdunski M, (1999). "Potassium 
Ion Channels, Molecular Structure, Function, and Diseases" in Current Topics in 
Membranes 46; 199-222 ed. Kurachi, Y., Jan, LY., and Lazdunski, M.) {see paragraph 
[00010] of specification). The specification further asserts that because 4Tm-2P 
receptors are "activated by volatile general anesthetics such as chloroform halothane and 
isoflurane (Patel et aL, Nature Neuroscience, 1999, 2:422-426) ... [the] channels [are 
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implicated] as a site of activity for these anesthetics. In addition, compounds that modify 

the activity of these channels may also be useful for the control of neuromotor diseases 

including epilepsy and neurodegenerative diseases including Parkinson's and 

Alzheimer's. Also compounds that modulate the activity of these channels may treat 

diseases including but not limited to cardiovascular arrhythmias, stroke, and endocrine 

and muscular disorders, {see specification at paragraph [00111]. Therefore, specific, 

substantial and credible utilities exist for the claimed receptors. 



Utility Examination Guidelines 

The Utility Examination Guidelines (the "Guidelines") require that a claimed 
invention have a specific, substantial and credible asserted utility, or, alternatively a well- 
established utility. Applicants have asserted that the claimed polypeptides are useful, 
inter alia, to generate antibodies specific for the claimed polypeptides. 

As discussed in greater detail below, the claimed polypeptides share about 97% 
sequence identity with a potassium channel with known and proven function. 1 In fact, 
Applicants point out that the receptor with known and proven function is the same 
receptor as asserted by Applicants in the application as originally filed. The fact that the 
claimed polypeptides share 97% sequence homology with a receptor with known 
function supports the assignment of the same specific, substantial, and credible utilities of 
known 4Tm-2P receptors to the claimed polypeptides. The utilities asserted are art- 
established: those skilled in the art would readily acknowledge that the claimed 
polypeptides are useful within the meaning of 35 U.S.C. § 101. 

Under the Guidelines, Office personnel are instructed to review the specification 
and claims of the application to determine if a specific and substantial utility that is 
credible is present. The Guidelines note that the specific and substantial requirement 
"excludes 'throw-away', insubstantial,' or 'nonspecific' utilities, such as the use of a 
complex invention as landfill." The Guidelines go on to note that an Examiner's "prima 
facie showing must establish that it is more likely than not that a person of ordinary skill 
in the art would not consider that any utility asserted by the applicant would be specific 

1 See alignment attached hereto. 
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and substantial." "If the applicant has asserted that the claimed invention is useful for 

any particular practical purpose (i.e., it has a 'specific and substantial utility') and the 

assertion would be considered credible by a person of ordinary skill in the art, do not 

impose a rejection based on lack of utility." (Guidelines, emphasis added). 

The Guidelines comment on the use of computer based analysis of nucleic acids to 

assign functions to a nucleic acid or polypeptide based upon homology to sequences 

found in databases. Specifically, the Guidelines state that the: 

suggestions to adopt a per se rule rejecting homology based assertions of 
utility are not adopted. An applicant is entitled to a patent to the subject 
matter claimed unless statutory requirements are not met (35 U.S.C. 101, 102, 
103, 112) . . .The inquiries involved in assessing utility are fact dependent, 
and the determinations must be made on the basis of scientific evidence. 
Reliance on the commenters' per se rule, rather than a fact dependent inquiry, 
is impermissible because the commenters provide no scientific evidence that 
homology-based assertions of utility are inherently unbelievable or involve 
implausible scientific principles. See, e.g., In re Brana, 51 F.3d 1560, 1566, 
34 USPQ2d 1436, 1441 (Fed. Cir. 1995) (rejection of claims improper where 
claims did 'not suggest an inherently unbelievable undertaking or involve 
implausible scientific principles' and where "prior art * * * discloses 
structurally similar compounds to those claimed by the applicants which have 
been proven * * * to be effective'). 

A patent examiner must accept a utility asserted by an applicant unless 
the Office has evidence or sound scientific reasoning to rebut the assertion. 
The examiner's decision must be supported by a preponderance of all the 
evidence of record. In re Oetiker, 977 F.2d 1443, 1445, 24 USPQ2d 
1443,1444 (Fed. Cir. 1992). More specifically, when a patent application 
claiming a nucleic acid asserts a specific, substantial, and credible utility, and 
bases the assertion upon homology to existing nucleic acids or proteins 
having an accepted utility, the asserted utility must be accepted by the 
examiner unless the Office has sufficient evidence or sound scientific 
reasoning to rebut such an assertion. "[A] 'rigorous correlation' need not be 
shown in order to establish practical utility; 'reasonable correlation' is 
sufficient." Fujikawa v. Wattanasin, 93 F.3d 1559, 1565, 39 USPQ2d 1895, 
1900 (Fed. Cir. 1996). The Office will take into account both the nature and 
degree of the homology. 

When a class of proteins is defined such that the members share a 
specific, substantial, and credible utility, the reasonable assignment of a new 
protein to the class of sufficiently conserved proteins would impute the same 
specific, substantial, and credible utility to the assigned protein. If the 
preponderance of the evidence of record, or of sound scientific reasoning, 
casts doubt upon such an asserted utility, the examiner should reject the claim 
for lack of utility under 35 U.S.C. 101. For example, where a class of proteins 
is defined by common structural features, but evidence shows that the 
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members of the class do not share a specific, substantial functional attribute 
or utility, despite having structural features in common, membership in the 
class may not impute a specific, substantial, and credible utility to a new 
member of the class. When there is a reason to doubt the functional protein 
assignment, the utility examination may turn to whether or not the asserted 
protein encoded by a claimed nucleic acid has a well-established use. If there 
is a well-established utility for the protein and the claimed nucleic acid, the 
claim would meet the requirements for utility under 35 U.S.C. 101. If not, the 
burden shifts to the applicant to provide evidence supporting a well- 
established utility. There is no per se rule regarding homology, and each 
application must be judged on its own merits. 

(Guidelines; emphasis added). 

Preliminarily, Applicants remind the Office that specific and substantial utilities 

have been provided for the claimed polypeptides and that the asserted utilities are 

credible to one of skill in the art. The Office has failed to provide any evidence that "it is 

more likely than not that a person of ordinary skill in the art would not consider that any 

utility asserted by the applicant would be specific and substantial. 55 

Art-Recognized Utility 

The Utility requirement may also be satisfied by an "Art Established 
Utility" which means that "a person of ordinary skill in the art would immediately 
appreciate why the invention is useful based on the characteristics of the invention... and 
the utility is specific, substantial and credible." (M.P.E.P. §2107). 

As discussed above, the claimed polypeptides are identified in the present 
application as TREK-2 channels, members of the 4Tm-2P family of potassium channels 
(see, for example, paragraphs [00010], [00011] and [00283]). Based on a BLAST 
alignment, SEQ ID NO:73 exhibited about 97% sequence identity with a known TREK-2 
channel (see Accession No. NP_612191 sequence viewer attached hereto with copies of 
references cited therein (Gu et al., J. Physiol. (Lond.) 539 (Pt 3), 657-668 (2002); 
Goldstein et al., Nat Rev Neurosci 2 (3), 175-184 (2001); Lesage et al., J. Biol. Chem. 
275 (37), 28398-28405 (2000); alignment of sequence with SEQ ID NO:73). The 
probability, therefore, that the claimed polypeptides' function and structure are related to 
those of the known potassium channel is, accordingly, extremely high. The Office has 
failed to provide any "countervailing evidence" required by the Utility Examination 
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Guidelines to show that the function asserted by Applicants or the relationship with 
known potassium channels does not exist. 

Applicants respectfully point out that the functions and activities of such channels 
are well-known to those of skill in the art and include, inter alia, setting the resting 
membrane potential, the site of activity for certain anesthetics, controlling neuromotor 
diseases including epilepsy and neurodegenerative diseases including Parkinson's and 
Alzheimer's, and treating cardiovascular arrhythmias, stroke, and endocrine and muscular 
disorders. Applicants further point out that the Gu reference, for example, confirms that 
there are functional isoforms of the TREK-2 channel. 

Because the claimed polypeptides share such significant sequence identity with 
known receptors, the probability, therefore, that the claimed polypeptides' function and 
structure are related to those of the known receptor is, accordingly, extremely high. The 
Office has failed to provide any "countervailing evidence" required by the Utility 
Examination Guidelines to show that the relationship does not exist. 

Applicants note for the record that the Patent Office has issued patents in the field 
of ion channels for applications disclosing the same amount of information as is 
described in the present application. The Office has granted and apparently continues to 
grant patents to ion channel proteins, their encoding polynucleotides and antibodies 
directed to them in which no specific biological activity has been confirmed. 
Specifically, Applicants would like to bring the following US Patents which claim 
potassium channels to the Office's attention: 

6,562,593 Merkulov et al "Isolated human transporter proteins, nucleic acid molecules 
encoding human transporter proteins, and uses thereof (Claims an isolated 
polynucleotide and method for producing polypeptide) 

6,309,855 Duprat et al "Family of mammalian potassium channels, their cloning and 
their use, especially for the screening of drugs" (Claims isolated polynucleotide) 

6,087,488 Ganetzky et al "Potassium ion channel genes and proteins" (Claims isolated 
polynucleotide) 

5,710,019 Li et al "Human potassium channel 1 and 2 proteins" (Claims an isolated 
polypeptide) 
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Applicants submit that these issued US Patents are evidence of an art recognized 
utility for ion channels. Upon review of the file histories of several of the above- 
identified patents, it is apparent that the present application provides at least as much 
functional data as the applications giving rise to the issued patents provided. For 
example, U.S. Patent 6,562,593 is directed to: 

An isolated nucleic acid molecule consisting of a nucleotide sequence 
selected from the group consisting of: 

(a) a nucleotide sequence that encodes a protein comprising the amino acid 
sequence of SEQ ID NO:2; 

(b) a nucleotide sequence consisting of the nucleic acid sequence of SEQ ID 
No:l; and 

(c) a nucleotide sequence that is completely complementary to a nucleotide 
sequence of (a)-(b). 

(claim 1). The specification of the patent reveals that the claimed sequences were 
"related to the differentiation-associated Na-dependent inorganic phosphate cotransporter 
subfamily." {see column 11, lines 34-55). Apparently the activity of a known 
"differentiation-associated Na-dependent inorganic phosphate cotransporter" was 
imputed to the claimed sequence based on sequence similarity. The specification further 
provides sequence information, and the putative identification of structural elements 
including start codon, stop codon, and phosphorylation sites {see Figure 1). 

The present application provides analogous information to that set forth by U.S. 
Patent 6,562,593. For example, the application indicates that the claimed polypeptides 
are TREK-2 channels. Sequence information relating to the claimed polypeptides is 
included throughout the specification and the appended sequence listing. Also, the 
present application provides expression data relating to the claimed polypeptides. 

A brief review of commercially available antibodies reveals that an antibody 
specific for TREK-2 is available from Chemicon Inc. (product sheet attached hereto). 
The fact that such a product is commercially available proves that there is a well- 
established utility for the presently claimed polypeptides. 

Accordingly there could be no better proof of the utilities of the claimed 
polypeptides ~ such products are made by a manufacturer (who expects to sell them) for 
consumers (who expect to buy them). Any argument that there is no art-recognized 
utility for such polypeptides seems meritless. 
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Prior Art Cited by Examiner Confirms the Utility of the Claimed Invention 

Applicants note that the Examiner has apparently acknowledged that related 
receptors disclosed in prior art applications have a "specific, substantial, and credible 
asserted utility, or a well established utility." As discussed in greater depth below, the 
Office has levied 35 U.S.C. § 102 rejections over the Meadows et al. application (WO 
99/37762), the Meadows et al. patent (U.S. Patent 6,242,217) and the Guegler et al. 
application (WO 02/24748). Preliminarily, Applicants remind the Office that as set forth 
in M.P.E.P. 2121, "prior art is presumed to be operable/enabling", and, moreover, that 
issued U.S. patents are presumed to be valid, i.e., comply with the requirements of 35 
U.S.C. §§ 101,102, 103 and 112. 

In the present Office Action, the Examiner rejected the claims under 35 U.S.C. 
§112, first paragraph because "the claimed invention is not supported by either a 
specific, substantial or credible utility." The Office's citation of the Meadows 
application, the Meadows patent and the Guegler application as prior art, however, 
confirms that the Office considers that the cited references provide "a specific and 
substantial asserted utility or a well established utility 55 . Indeed, Applicants remind the 
Examiner that the Meadows patent is an issued U.S. patent, presumed to be valid. The 
present disclosure provides proof of utility regarding the claimed invention that is similar 
to the utility disclosed in the cited references. Accordingly, the claimed potassium 
channels also provide "a specific and substantial asserted utility or a well established 
utility 55 . 

Rejections under 35 U.S.C. § 112, first paragraph 
1. Enablement 

Claims 30, 32-35, 74, 89, 91-94 and 116 stand rejected under 35 U.S.C. § 112, 
first paragraph, as allegedly "not supported by either a substantial asserted utility or a 
well established utility for the reasons set forth above, one skilled in the art clearly would 
not know how to use the claimed invention. 5 ' Applicants do not agree. 

As discussed above, the present invention is supported by a specific, substantial, 
and credible asserted utility as well as a well-established utility. Accordingly, Applicants 
respectfully request that the rejection be withdrawn. 
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2. Written Description 

Claims 30, 32-35, 74, 89, 91-94 and 116 stand rejected under 35 U.S.C. § 112, 
first paragraph, as allegedly "containing subject matter which was not described in the 
specification in such a way as to reasonably convey to one skilled in the relevant art that 
the inventor(s), at the time the application was filed, had possession of the claimed 
invention." The Office alleges that the claims "encompass an isolated polypeptide and 
fragments of proteins without functional limitations." Applicants disagree. 

Notwithstanding the foregoing, Applicants have amended the claims to recite that 
polypeptides have at least 98% sequence identity to SEQ ID NO:73 and to specify that 
the polypeptides encode a potassium channel. 

Applicants respectfully assert that the claimed invention complies with the written 
description requirement of 35 U.S.C. §112, first paragraph. The claims, as amended, are 
analogous to the exemplary claim recited in Example 14 of the Written Description 
Guidelines set forth above. In the pending claims, homologs having at least 98% 
sequence identity to SEQ ID NO: 73 are recited. The analysis set forth in the Guidelines 
states that "the genus of proteins that must be variants of SEQ ID NO: 3 does not have 
substantial variation since all of the variants must . . . have at least 95% identity to the 
reference sequence, SEQ ID NO: 3. . ." and that "[t]he single species disclosed is 
representative of the genus because all members have at least 95% structural identity with 
the reference compound and because of the presence of an assay which applicant 
provided for identifying all of the at least 95% identical variants of SEQ ID NO: 3 . . .". 
The Written Description Guidelines further state that "[o]ne of skill in the art would 
conclude that applicant was in possession of the necessary common attributes possessed 
by the members of the genus" and that "the disclosure meets the requirements of 35 
U.S.C. §112 first paragraph as providing adequate written description for the claimed 
invention." 

Applicants respectfully assert that the genera of proteins claimed comply with the 
written description requirement. The genera encompassed by the pending claims do not 
have substantial variation since all species within the genera must encode a potassium 
and because all must have at least 98% sequence identity to SEQ ID NO:73. 
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Applicants also provide methods for assaying for ion channel polypeptide- 
interacting proteins (Example 7), methods for analyzing protein-protein interactions 
involving ion channel polypeptides (Example 8) 5 and assays to identify modulators of ion 
channel activity (Example 9). 

The Office Action has failed to provide any evidence or reasoning why the 
specific species described, along with a description of the attributes and features of the 
polypeptides that comprise the claimed genera, does not constitute adequate description 
of the claimed subject matter. One of skill in the art would conclude that Applicants 
were in possession of the necessary common attributes possessed by the members of the 
genera and that the disclosure meets the requirements of 35 U.S.C. §112 first paragraph 
as providing adequate written description for the claimed invention. 

University of California was cited to support the Office's assertion that the 
pending claims did not satisfy the Written Description requirement. Applicants 
respectfully assert that persons of ordinary skill in the art would recognize that 
Applicants were in possession of the claimed subject matter. As discussed above, the 
pending claims provide Written Description support for themselves as they are virtually 
identical to those originally filed. 

University of California v. Eli Lilly and Co. is distinguishable from the present 
fact pattern. The Written Description Guidelines discuss the University of California 
scenario in Example 7 and state that the exemplary claim (An isolated DNA comprising 
SEQ ID NO: 16) does not satisfy the written description requirement because "[t]he 
present claim encompasses full-length genes and cDNAs that are not further described. 
There is substantial variability among the species of DNAs encompassed within the scope 
of the claims because SEQ ID NO: 16 is only a fragment of any full-length gene or cDNA 
species. When reviewing a claim that encompasses a widely varying genus, the examiner 
must evaluate any necessary common attributes or features." 

Again, as discussed in greater detail above, the pending claims do satisfy the 
written description guidelines because, inter alia, there is no "substantial variation among 
the species of polypeptides" - a minimum of 98% sequence homology is required to SEQ 
ID NO: 73, and a functional limitation is set forth. Applicants respectfully point out that 
the facts relating to the pending claims are analogous to Example 14 of the "The Revised 
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Interim Written Description Guidelines Training Materials", in which the exemplary 
claim is said to satisfy the Written Description Requirement. 



Rejections under 35 U.S.C. § 102 

Claims 30, 32-35, 74, 89, 91-94 and 116 stand rejected under 35 U.S.C. § 102(b) 
as allegedly anticipated by Meadows et al. (WO 99/37762; hereinafter the "Meadows 
application"). The Office asserts that the Meadows application discloses a "potassium 
channel comprising SEQ ID NO:2 which is 64.3% best local similarity to the claimed 
polypeptide of SEQ ID NO:73." 

Preliminarily, Applicants note that the claims have been amended to require at 
least 98% sequence identity to SEQ ID NO:73. Claims 74, 89 and 91-94 have been 
cancelled without prejudice. Because the Meadows application fails to teach or even 
suggest a polypeptide having at least 98% sequence identity to SEQ ID NO:73, the 
Meadows application fails to anticipate. 

Claims 30, 32-35, 74, 89, 91-94 and 116 stand rejected under 35 U.S.C. § 102(e) 
as allegedly anticipated by Meadows et al. (U.S. Patent 6,242,217; hereinafter the 
"Meadows patent"). The Office asserts that the Meadows patent discloses a "potassium 
channel comprising SEQ ID NO:2 which is 64.3% best local similarity to the claimed 
polypeptide of SEQ ID NO:73." 

Preliminarily, Applicants note that the claims have been amended to require at 
least 98% sequence identity to SEQ ID NO:73. Claims 74, 89, 91-94 have been 
cancelled without prejudice. Because the Meadows patent fails to teach or even suggest a 
polypeptide having at least 98% sequence identity to SEQ ID NO: 73, the Meadows 
patent fails to anticipate. 

Claims 30-35, 74, 89, 91-94 and 116 stand rejected under 35 U.S.C. § 102(e) as 
allegedly anticipated by Guegler et al. (WO 02/24748; hereinafter the "Guegler 
application"). The Office asserts that the Guegler application discloses a potassium 
channel which is 100% identical to the claimed polypeptide of SEQ ID NO: 73." 
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Preliminarily, Applicants note that the Guegler application is not prior art against 
the present application. According to 35 U.S.C. § 102(e)(1), "an international application 
filed under the treaty defined in section 351(a) shall have the effects for the purposes of 
this subsection of an application filed in the United States only if the international 
application designated the United States and was published ... in the English language." 
(Emphasis added). 

Applicants respectfully point out that the Guegler application, although published 
in English, does not designate the United States. Accordingly, the Guegler application is 
only available as prior art as of its publication date, March 28, 2002. This date is after 
the claimed priority date of the present application and also after the filing date of the 
present application. Accordingly, the Guegler application is not prior art against the 
present application. 

In view of the foregoing, Applicants respectfully request the reconsideration and 
withdrawal of the rejections under 35 U.S.C. § 102. 
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The examination of these claims and passage to allowance are respectfully 
requested. An early Notice of Allowance is therefore earnestly solicited. Applicants 
invite the Examiner to contact the undersigned at (215) 665-6904 to clarify any 
unresolved issues raised by this response. 



Date: October 4, 2004 

COZEN O'CONNOR, P.C. 
1900 Market Street 
Philadelphia, PA 19103-3508 
Telephone: (215)665-6904 
Facsimile: (215)701-2004 



Attachments: 

-Accession No. NP_612190 sequence viewer 
-Gu et al., J. Physiol. (Lond.) 539 (Pt 3), 657-668 (2002) 
-Goldstein et al., Nat Rev Neurosci 2 (3), 175-184 (2001) 
-Lesage et al., J. Biol. Chem. 275 (37), 28398-28405 (2000) 
-EMBL-EBI Alignment of sequence with SEQ ID NO:73 
-TREK-2 Chemicon Inc. Product Sheet 



Respectfully submitted, 




GMlym John Owen Attwell 



.egistration No. 45,449 



30 



CO 

o 



Oh 



O 

o 

CN 

T— I 

(N 
On 



3 

LSI 



CO 



3 
Q 

O 

oi 

O) 

m 

h- 
CO 
CO 
O) 
lO 

h- 

CO 
00 



-p 

a 
-p 

3 
O 

ai 
cn 

IT) 
IT) 
CO 



O 




3 

(0 
0) 

a: 



CM 
CD 

E 

(/> 
O 

CO 



(0 

3 

(0 
<D 

a: 

c 

'< 

CO 
CO 

o 

CD 
LU 



x 
S 

(0 



o 
o 



CQ 

c 
CD 
a. 

Q. 

(Q 
O) 

C 

0) 

a 
O 



LO 



(0 

c 
a> 
a 
c 
o 

« 
c 

0) 

a 

(0 

0 



CM 
O) 

o 
«t 
o 
o 

CM 



CO 

5 



t 



AM: 

i *0 tr> o ; 



CO 

O 
►J 

CQ 

rH • • (TJ 
< H OJ S 



(U 

a> Q 



rH >1 

-p 

r-l 

-p a 

rH <U 

a c 
I a> 



o r* 

CM CN) 

to in 



>frH 

M 



a) -a 



a) 

CO u 

a o 

(0 u 



J H tO ID W 
: * # * =**: =t* * 



Q. 

I 



- CD 

a> <i> 



CO 



CO 

8 

c 

X 9> 



Q. £3 4*? 



Q. 

CD 
I 
C 

g> 

w 
w 
o 

CD 
LU 

n 



On. 
On 

co 

cn 
as 

cn 
00 



CN 
ON 

o 

o 
o 

CN 

6 



1 

o 



8 

CD 



f 



m 
o 

Oh 



O 

o 



CN 




m 

O 

m 

Oh 



O 
O 



OS 



O 
CO 



o 

> 



0. 

> 



C3 



CO 
CO 

o 



On 
On 

m 

m 
On 

m 
oo 



o 

o 
o 

(N 
i 



CO 

O 

t 

to 



NCBI Sequence Viewer 



Page 1 of 3 



Entrez PubMed 

Search Protein 



default 



? © d & & '3 & & & & ^ a &/i 

Sa0 t ? 3^0$ ' 

Nucleotide Protein 

Ui for: 




Genome 



Structure 




Limits 



Preview/Index 



History 



Show: 20 



E] 1: NP_612191 . potassium channel... [gi:20143946] 



PMC 



Taxonomy 



Clipboard 



Boo 



Details 



BLink, Links 



LOCUS NP_612191 543 aa linear PRI 23-AUG-2004 

DEFINITION potassium channel, subfamily K, member 10 isoform 3; TWIK-related 

K+ channel 2; 2P domain potassium channel TREK2; outward rectifying 
potassium channel protein TREK-2; potassium channel TREK-2 [Homo 
sapiens] . 

ACCESSION NP_612191 

VERSION NP_612191.1 GI:20143946 

DBS0URCE REFSEQ: accession NM 138318.1 

KEYWORDS 

SOURCE Homo sapiens (human) 

ORGANISM Homo sapiens 

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
Mammalia; Eutheria; Primates; Catarrhini; Hominidae; Homo. 
REFERENCE 1 (residues 1 to 543) 

AUTHORS Gu,W., Schlichthorl , G . , Hirsch,J.R., Engels,H., Karschin,C, 

Karschin,A., Derst,C, Steinlein, 0 . K. and Daut,J. 
TITLE Expression pattern and functional characteristics of two novel 

splice variants of the two-pore-domain potassium channel TREK-2 
JOURNAL J. Physiol. (Lond. ) 539 (Pt 3), 657-668 (2002) 
PUBMED 11897838 

REMARK GeneRIF: Expression pattern and functional characteristics of two 
novel splice variants of the two-pore-domain potassium channel 
TREK-2 . 

REFERENCE 2 (residues 1 to 543) 

AUTHORS Goldstein, S. A. , Bockenhauer , D . , 0'Kelly,I. and Zilberberg, N . 
TITLE Potassium leak channels and the KCNK family of two-P-domain 

subunits 

JOURNAL Nat Rev Neurosci 2 (3), 175-184 (2001) 
PUBMED 11256078 
REFERENCE 3 (residues 1 to 543) 

AUTHORS Lesage,F., Terrenoire, C . , Romey,G. and Lazdunski,M. 

TITLE Human TREK2 , a 2P domain mechano-sensitive K+ channel with multiple 

regulations by polyunsaturated fatty acids, lysophospholipids, and 
Gs, Gi, and Gq protein-coupled receptors 
JOURNAL J. Biol. Chem. 275 (37), 28398-28405 (2000) 
PUBMED 10880510 
REFERENCE 4 (residues 1 to 543) 
AUTHORS Bang,H., Kim,Y. and Kim,D. 

TITLE TREK-2, a new member of the mechanosensitive tandem-pore K+ channel 

family 

JOURNAL J. Biol. Chem. 275 (23), 17412-17419 (2000) 
PUBMED 10747911 

COMMENT REVIEWED REFSEQ : This record has been curated by NCBI staff. The 

reference sequence was derived f rom' AF385399 . 1 . 

Summary: This gene encodes one of the members of the superfamily of 
potassium channel proteins containing two pore-forming P domains. 
The message for this gene is highly expressed in the kidney and 
pancreas. This channel is an open rectifier which primarily passes 
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outward current under physiological K+ concentrations. The protein 
is stimulated strongly by arachidonic acid and to a lesser degree 
by membrane stretching, intracellular acidification, and general 
anaesthetics. Three transcript variants have been identified for 
this gene. 



Transcript Variant: This variant (3) has a different first exon 
than variant 1. Isoform 3 has a unique N-terminus, longer by 5 aa 
than that of isoform 1. 
FEATURES Location/Qualifiers 
source 1 . . 543 

/organism="Homo sapiens" 
/db_xref="taxon:9606" 
/chromosome="14 11 
/map="14q31" 
Protein 1..543 

/product="potassium channel, subfamily K, member 10 
isoform 3" 

/note^"TWIK-related K+ channel 2; 2P domain potassium 

channel TREK2; outward rectifying potassium channel 

protein TREK-2 ; potassium channel TREK- 2 " 
Region <134..204 

/region_name="Ion transport protein" 

/note="Ion_trans" 

/db_xref ="CDD : 25532 " 
Region 159. .180 

/region_name="pore- forming domain" 
Region 268. .294 

/region_name="pore- forming domain" 
CDS 1..543 

/gene="KCNK10" 

/coded_by="NM_138318 .1:123.. 1754 " 

/note="isof orm 3 is encoded by transcript variant 3; 
go_component : membrane fraction [goid 0005624 ] [evidence 
NR] ; 

go_component : integral to plasma membrane [goid 0005887 ] 
[evidence NR] ; 

go_function: potassium channel activity [goid 0005267 ] 
[evidence TAS] [pmid 10880510]; 

go_f unction: voltage-gated ion channel activity [goid 
0005244 ] [evidence IEA]; 

go_process: ion transport [goid 0006811 ] [evidence IEA] ; 
go_process: signal transduction [goid 0007165 ] [evidence 
NR] [pmid 10880510] ; 

go_process: potassium ion transport [goid 0006813 ] 
[evidence IEA] " 
/db_xref="GeneID: 54207 " 
/db_xref="LocusID: 54207 " 
/db xref-"MIM: 605873" 
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Expression pattern and functional characteristics of two 
novel splice variants of the two-pore-domain potassium 
channel TREK-2 

Wenli Gu *, Gunter Schlichthorl f» Jochen R. Hirsch & Hartmut Engels *> Christine Karschin §, 
Andreas Karschin §, Christian Derst f > Ortrud K. Steinlein * and Jiirgen Daut t 

*InstitutfurHumangenetik, Universitcit Bonn, Wilhelmstrasse 31, D- 53111 Bonn, ^InstitutfUr Physiologie, Universitcit Marburg, 
Deutschhausstrasse 2, D- 35037 Marburg, $ Experimented Nephrologie, Universitcit Munster, Domagstras$e2, D-48 149 Munster and §Institutftir 
Physiologie, Universitcit Wurzburg, Rdntgenring9, D-97070 Wurzburg, Germany 

Two novel alternatively spliced isoforrns of the human two-pore-domain potassium channel 
TREK-2 were isolated from cDNA libraries of human kidney and fetal brain. The cDNAs of 2438 
base pairs (bp) (TREK-2b) and 2559 bp (TREK-2c) encode proteins of 508 amino acids each. RT-PCR 
showed that TREK-2b is strongly expressed in kidney (primarily in the proximal tubule) and 
pancreas, whereas TREK-2c is abundantly expressed in brain. In situ hybridization revealed a very 
distinct expression pattern of TREK-2c in rat brain which partially overlapped with that of TREK- 1 . 
Expression of TREK-2b and TREK-2c in human embryonic kidney (HEK) 293 cells showed that 
their single-channel characteristics were similar. The slope conductance at negative potentials was 
163 ± 5 pS for TREK-2b and 179 ± 17 pS for TREK-2c. The mean open and closed times of 
TREK-2b at -84 mV were 133 ± 16 and 109 ± 11 /*s, respectively. Application of forskolin 
decreased the whole-cell current carried by TREK-2b and TREK-2c. The sensitivity to forskolin was 
abolished by mutating a protein kinase A phosphorylation site at position 364 of TREK-2c 
(construct S364A). Activation of protein kinase C (PKC) by application of phorbol-12-myristate- 
13 -acetate (PMA) also reduced whole-cell current. However, removal of the putative TREK- 2b- 
specific PKC phosphorylation site (construct T7A) did not affect inhibition by PMA. Our results 
suggest that alternative splicing of TREK-2 contributes to the diversity of two-pore-domain K + 
channels. 

(Received 22 October 200 1 ; accepted after revision 26 November 2001 ) 

Corresponding author J. Daut: Institut fOr Physiologie, der University Marburg, Deutschhausstrasse 2, 35037 Marburg, 
Germany. Email: daut@mailer.uni-marburg.de 



The family of two- pore- domain potassium (K 2P ) channels 
is defined by their common structural features: the 
individual subunits have four transmembrane domains, 
two pore domains and a large Ml-Pl linker (reviewed by 
Lesage 8c Lazdunski, 2000; Goldstein et al 2001; Patel 8c 
Honore, 2001). Using homology analysis, five subfamilies 
of K 2 p channels have been identified, the TWIK subfamily 
(Lesage et al 1996a; Chavez era/. 1999; Salinas et al 1999; 
Patel etal 1999b), the THIK subfamily (Rajan etal 2001), 
the acid-sensitive subfamily comprising TASK- 1 , -3 and -5 
(Duprat etal 1997; Kim etal 1998, 2000; Rajan etal 2000; 
Kim 8c Gnatenco, 2001; Karschin etal 2001), the mainly 
alkaline-sensitive subfamily comprising TALK- 1, TALK-2 
and TASK-2 (Reyes etal 1998;Decheretai 2001; Girard et 
al 2001), and the mechanosensitive subfamily comprising 
TREK-1, TREK-2 and TRAAK (Fink et al 1996, 1998; 
Maingret etal 1999a,b; Lesage et al 2000a,fc; Bang etal 
2000). 

Most of the 14 mammalian K 2P channels identified so far 
are abundantly expressed in the brain (Talley etal 2001). 



Since K 2P channels have been identified quite recently, less 
is known about their function compared with other K + 
channels. Nevertheless, four aspects that may be relevant 
for neuronal function have now become clear, (i) Some of 
the K 2 p channels are modulated by changes in intracellular 
pH and may therefore play a protective role during 
cerebral ischaemia (Maingret etal. 1999b). (ii) Some of the 
K 2P channels are activated by volatile anaesthetics (Patel et 
al 1999a; Gray etal 2000; Lesage etal 2000b; Sirois etal 
2000) and this may represent one of. the major mechanisms 
responsible for the anaesthetic effect of halothane, 
chloroform, isoflurane and related drugs, (iii) Some of the 
K 2P channels can be activated by polyunsaturated fatty 
acids and by lysophospholipids (Fink etal 1998; Lesage et 
al 2000a,b; Maingret et al 2000). It has been postulated 
that the release of polyunsaturated fatty acids following 
receptor- mediated stimulation of phospholipases may 
modulate synaptic transmission in the CNS (Fink et al 
1998). (iv) Some of the K 2P channels have been shown to be 
inhibited by activation of G-protein-coupled receptors, 
for example the M 3 muscarinic receptor (Millar et al 
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2000), the thyrotrophin-releasing hormone receptor 
TRH-R1 (Talley et al 2000) or the metabotrophic 
glutamate receptor mGluRl (Lesage etal 2000). Thus, K 2P 
channels could be the effectors of excitatory postsynaptic 
potentials elicited by activation of receptors coupled to 
G-proteins of the a q/l x subtype. Other transmitters that have 
been postulated to modulate the activity of K 2 p channels 
include serotonin, noradrenaline (norepinephrine) and 
substance P (Talley etal 2000). 

The K 2P channel TREK-2 shares all of these functions (i-iv) 
and may therefore participate in many regulatory processes 
in the brain. Here we characterize two novel human splice 
variants of TREK-2, denoted TREK-2b and TREK-2c, which 
are differentially expressed in brain, kidney and pancreas. 
Since previous investigations of the related channel 
TREK-1 had shown that it can be modulated by protein 
kinase A (PKA) and protein kinase C (PKC) (Patel et al 
1998) we studied the possible function of the PKA and 
PKC phosphorylation sites of TREK-2b and TREK-2c 
using site-directed mutagenesis. 

METHODS 

Cloning of two splice variants of human TREK-2 

A basic local alignment search tool (BLAST) search with the 
TREK-1 cDNA in the high throughput genomic sequences 
(HTGS) DNA database revealed a genomic fragment AL 122021 
(locus CNS01DSW) from human chromosome 14 that shares 
partial homology with TREK-1. The chromosomal localization of 
TREK-2 was confirmed by fluorescence in situ hybridization (data 
not shown). Reverse transcription-polymerase chain reaction 
- (RT-PCR) was performed with human fetal brain total RNA 
(Clontech, Palo Alto, CA, USA) using the Titan One Tube RT- 
PCR system (Roche Molecular Biochemicals, Mannheim, Germany) 
and the primers: 

5'-CCAAGTTGGTCTCCAATTCCAGCC-3' (forward) 

and 5'-GCGGGAGTCAGTCCAATAGGAAA-3' (reverse). 

The partial TREK-2 PCR product was cloned into the vector 
TOPO PCR2.1 (Invitrogen, Groningen, Germany) and sequenced. 
To obtain the entire TREK-2 cDNA, 5' and 3' rapid amplification 
of cDNA ends (RACE) was performed using Marathon-ready 
cDNA (Clontech) from human fetal brain and human kidney. 
Two 3' nested primers : 

5'-GCGGGAGTCAGTCAATAGGAAA-3' 
and 5'-CAGCAGCCACTGGGACCTCGGCAG-3' 
and two 5' nested primers: 

5'-CCTTCAGTGCTCGGAGCAATATTCCC-3' 

and 5'-TCTTCTGGCTGCTCTCAAAGGGCTGCTCCAATGC- 
CCGGAAGA-3' 

were used for amplification. The amplified products were cloned 
into the TOPO PCR2.1 vector and sequenced. 

Cloning of rat TREK- 1 and TREK-2c cDNAs 

Two EST clones encoding partial human TREK-1 (AA464375, 
IMAGE-Id: 810165) and TREK-2 (AI073392, IMAGE-Id: 1640332) 



cDNAs were labelled with digoxigenin and used for a non- 
radioactive screening of a A-ZAP2 rat brain cDNA library using 
standard hybridization procedures and disodium 3-(4-methoxy- 
spiro(l ) 2-dioxetane-3 ) 2'-(5 / -chloro)tricyclo[3,3,l.l 37 ]decan)-4- 
yl) phenyl phosphate (CSPD) as a chemiluminescence substrate. 
After two further screenings for plaque purification, pBSK-l- 
plasmids containing the TREK cDNAs were excised using the 
Exassist helper phage and completely sequenced. 

Tissue distribution of the TREK-2 splice variants in different 
human tissues 

The expression of three TREK-2 splice variants in different human 
tissues was analysed by PCR. The multiple-tissue cDNA panels 
Human I and Human II (Clontech) were used as templates. Sense 
primers corresponding to the first exons of the different splice 
variants were combined with the antisense primer located within 
the shared exon 2. Amplification products were designed to be of 
similar length to facilitate quantitative comparison. A second 
amplification was performed using two primers from the shared 
region to analyse the distribution of total TREK-2 expression. The 
primers used for each transcript were as follows. For TREK-2b: 

FORb(5'-GCAAGGCATGGAGCCTGCACTTT-3') 

with BACK (S'-ACACCGGTGCTGCG GGAACGGCCA-3'); 

forTREK-2c: 

FORc(5'-TTCCTCCACGAGCCAGTCCAAGGCT-3') with BACK; 
andforTREK-2a: 

FORa ( 5 '-GG AG ACTTTGCTCC ACG ATGTT- 3 ') with BACK. 
Primers 

5'-GCGGGAGTCAGTCCAATAGGAAAC-3' 

and S'-CCAAGTTGGTCTC CAATTCCAGCC-3' 

from the part common to all three splice variants were used to 
analyse the total expression level of TREK-2. PCR was performed 
for 25 cycles of 2 s at 94 °C and 3 min at 68 °C with the polymerase 
Advantage 2 (Clontech). 

The expression of TREK-2a in human total brain was additionally 
tested by nested RT-PCR from human fetal (Promega, 
Mannheim, Germany) and adult brain RNA (Clontech). The first 
RT-PCR step was carried out using the Titan One Tube RT-PCR 
system (Roche, Mannheim) according to the protocol of the 
manufacturer with an annealing temperature of 65 °C. The 
primers were 

5'-GTTGCCAGAGATGACTGGGGTTTTCGGG-3' and BACK. 

Zero point zero two microlitres of the product was amplified again 
with the second pair of primers 

5'-CGCAGGAACGCTAGGCAGTCTCT-3' 

and 5'-GAAGTCTGTGTAGAGAAAAAACATCC-3' 

using Taq polymerase (Invitrogen) and standard PCR conditions 
with an annealing temperature of 68 °C. All primers used in the 
distribution assays and RT-PCR were tested in combination with 
an antisense primer using genomic DNA. They all gave strong 
specific amplifications. 

RT-PCR analysis of isolated of human nephron segments 

Healthy cortical kidney pieces were obtained (with written 
consent) from patients undergoing tumour-nephrectomy. Nephron 
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segments were isolated using the procedure described previously 
for rat and rabbit kidney (Schafer etal 1997). Selected tubules of a 
total length of 200 mm or glomeruli (400 pieces) were lysed in a 
4 M guanidinium chloride buffer and total RNA was isolated using 
the RNeasy kit (Qiagen). Isolated total RNA was incubated with 
10 units DNAse I (Promega, Heidelberg, Germany) at 37 °C for 
1 h to digest traces of genomic DNA. RNA and DNase I were then 
separated by an additional cleaning step using a new RNeasy 
column. First strand cDNA synthesis was performed in a total 
reaction volume of 30 /d containing 5 fig total RNA, 10 itim 
dNTP-Mix, 1 nM p(dT) l0 nucleotide primer (Roche) and 
200 units Moloney murine leukaemia virus (MMLV) reverse 
transcriptase (Promega). One-thirtieth of each cDNA first strand 
reaction mixture was then subjected to a 50 /d PCR reaction using 
20 pmol of each primer (also used for the tissue distribution) and 
1 unit of Taq DNA polymerase (Qiagen). Reaction conditions 
were as follows: 3 min at 94 °C, 30 s at 53 °C and 1 min at 72 °C, 1 
cycle; 30 s at 94 °C, 30 s at 53 °C and 1 min at 72 °C, 30 cycles; 30 s 
at 94 °C, 30 s at 53 °C and 10 min at 72 °C, 1 cycle. All PCR 
products were directly sequenced to confirm correct amplification. 
For negative controls reverse transcriptase was omitted. 
Additionally, to exclude contamination, appropriate water 
controls excluding cDNAs were performed. 

In situ hybridization of rat brain sections 

Wistar rats were decapitated under ether anaesthesia, their brains 
were removed and frozen on powdered dry ice. Tissue was stored 
at -20 °C until cutting. Sixteen micrometre sections were cut on a 
Cryostat, thaw mounted onto siiane- coated slides and air dried. 
After fixation for 10 min in 4% paraformaldehyde dissolved in 
phosphate-buffered saline (PBS), slides were washed in PBS, 
dehydrated and stored in ethanol until hybridization. 

Synthetic antisense oligonucleotides with least tendency of forming 
hairpins and self-dime rs were chosen from the untranslated 
region and open reading frame (base positions on coding strand): 

TREK-1, 

(i) (125-172) 5'-CCCGCGAGGCGCTGGCAAGCATGAG- 

GCATGCAGCATTCAAAATGTTTG-3', 

(ii) (197-244) 5'-TGGAGTTCTGAGCAGCAGACTTGGGA- 

TCCAGCAAGTCAGGGGCCGCCA-3', 

(iii) (1262-1308) 5'-CACCGACAGGGTCCTCCTACATGGAG- 

TCAGTTCCTGGTTATGGTTAC-3'; 

TREK-2c, 

(i) (199-245) 5'-CTTGAAGTGGCTCGTGGGGAGCCCG- 

GGAGAAAGATAAGCGGGAAAAT-3', 

(ii) (344-391) 5'-CTTGGCGTCTCGATTGGAAATTTCAT- 

TGCTCCGTTGCCCACAGGGGGG-3', 

(iii) (1904-1952) 5'-CTCCAGCCCCTGGTCTTTGGTGTCCA- 

TGGGTACCATTCCATTCTCCATC-3', 

Three specific oligonucleotides corresponding to different 3' and 
5' regions of the cDNAs were generated to exclude cross- 
hybridization between different K 2P subunits and to detect 
possible discrepancies related to the existence of additional N- or 
C-terminal splice variants. 

Oligonucleotides were 3' end-labelled with ( 33 P]dATP (New 
England Nuclear, Boston, MA, USA; 1000 Ci minor') by 
terminal deoxynucleotidyl transferase (Roche Diagnostics) and 



used for hybridization at concentrations of 2-10 pg /A~ l 
(4 x 10 5 cp.m. ( 100 fi\)~ l hybridization buffer per slide). Control 
sections were (a) hybridized with sense oligonucleotide probes, 
(b) digested with RNase A (50 ng ml" 1 ) for 30 min at 37 °C before 
hybridization, and (c) hybridized with a mixed oligonucleotide 
probe containing a 20- to 50-fold excess of unlabelled probe. 
Slides were air dried and hybridized for 20-24 h at 43 °C in 100 p\ 
buffer containing 50 % formamide, 10 % Dextran sulfate, 50 mM 
DTT, 0.3 M NaCl, 30 mM Tris-HCl, 4 mM EDTA, 1 x Denhardt's 
solution, 0,5 mg ml" 1 denatured salmon sperm DNA, and 
0.5 mg ml" 1 polyadenylic acid and labelled oligonucleotide probe. 
Sections were washed 2 x 30 min in 1 x SSC plus 50 mM 
2-mercaptoethanol, 1 h in 1 x SSC at 60°C, and 10 min in 
0.1 x SSC at room temperature. Specimens were then dehydrated, 
air dried and exposed to Kodak BIOMAX x-ray film for 
16-21 days. For cellular resolution, selected slides were dipped in 
photographic emulsion, incubated for 6-10 weeks and then 
developed in Kodak D- 19 for 3 min. 

Expression of TREK channels in HEK 293 cells 

The entire hTREK-2b and hTREK-2c coding regions were cloned 
into the expression vector pcDNA3.1 and transfected into 
HEK 293 cells using lipofectamine 2000 (Life Technologies). 
Electrophysiological recordings were made using with an 
Axopatch 200B amplifier (Axon Instruments). The sampling rate 
was usually 16 kHz and the cut-off frequency of the low-pass filter 
was 10 kHz (-3 dB). In some experiments the sampling rate was 
increased to 100 kHz. Pipettes with resistances of 5-8 MCI were 
used for cell-attached and whole-cell measurements. The pipettes 
were coated with R6101 elastomer from Dow Chemicals. Single- 
channel measurements were performed with a pipette solution 
containing (mM): 140 KC1, 1 EGTA and 10 Hepes (divalent 
cation- free solution) or 145 KC1, 1 MgCl 2 , 1 CaCl 2 and 5 Hepes 
(divalent cation-containing solution). The bath solution for the 
single-channel measurements contained (mM): 60 KC1, 85 NaCl, 1 
MgCl 2 , 0.33 NaH 2 P0 4 , 5 Hepes and 10 glucose. In this solution, 
the average membrane potential was approximately -4 mV. 
Whole-cell measurements were carried out with a pipette solution 
containing (mM): 65 potassium glutamate, 50 KC1, 10 KH 2 P0 4 , 
7.9 MgCl 2 , 5 EDTA, 5 Hepes, 1.9 K 2 ATP and 0.2 Na 3 GTP. The bath 
solution for the whole-cell measurements contained (mM): 5 KC1, 
140 NaCl, 10 Hepes, 10 glucose, 1 MgCl 2 , 1 CaCl 2 , 0.33 NaH 2 P0 4 
and 2 sodium pyruvate. The membrane potential measurements 
were not corrected for the liquid junction potential, determined as 
described by Neher (1992), which was +2.8 mV. 

RESULTS 

Cloning of two novel human TREK-2 splice variants 

Using a RACE strategy we isolated two novel human 
TREK-2 splice forms, denoted TREK-2b and TREK-2c, 
from human kidney and brain, respectively. The isolated 
cDNAs of 2438 base pairs (bp) (TREK-2b, GenBank 
accession number AF385399) and 2559 bp (TREK-2c, 
GenBank accession number AF385400) both code for 
proteins of 508 amino acids. At the amino acid level the 
proteins are 66% identical to human TREK-1 and 47% 
identical to human TRAAK. TREK-2b and TREK-2c differ 
significantly in their 5'-UTR and in the coding region for 
the first 17 amino acids. These regions also differ 
significantly from a previously isolated human TREK-2 
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splice variant (Lesage et al 2000b; GenBank accession 
number: AF279890), here referred to as TREK-2a (Fig. IB). 
The differences are due to alternative usage of the first 
exon. The alternative exons were localized by BLAST 
search in a human genomic database entry; the predicted 
gene structure is indicated in Fig. 1 A. Interestingly, TREK- 
2b harbours a PKC phosphorylation site in the N -terminal 
part that is not present in the other two splice variants. 

Cloning of rat brain TREK isoforms 

cDNAs encoding the rat orthologues of TREK-1 and 
TREK-2C (rTREK-1 and rTREK-2c) were isolated from a 
rat brain cDNAlibrary. The cDNAs of 3291 bp (rTREK-1, 
GenBank accession number AF385401) and 3056 bp 
(rTREK-2c, GenBank accession number AF385402) code 
for predicted proteins of 426 amino acids (rTREK-1) and 
538 amino acids (rTREK-2), respectively, which were 
60.7% identical to each other at the amino acid level. 
Whereas the coding region of the rTREK-2c cDNA was 
identical to a recently described isoform (Bang etal. 2000), 
the rTREK-1 cDNA showed a 15 amino acid extension 
compared with the human TREK- 1 sequences described 
previously (Fink etal 1996; Meadows etal 2000). However, 
another human GenBank entry (AF004711) encoding a 
TREK-1 isoform (named TPKC-1) from human brain 
shows a similar extension at the N-terminus and a 
different 5' UTR compared with the shorter TREK-1 splice 
form (Bockenhauer et al. 2001). This may indicate 
alternative splicing of the human TREK-1 gene in which 



the start codon of the shorter splice form is split by an 
intron. A similar alternative N-terminal splicing may also 
take place in the TRAAK gene (compare Lesage et al 2000a 
and GenBank entry AF247042). 

Tissue distribution of human TREK-2 splice forms 

The expression of TREK-2 splice variants in different 
human tissues was analysed by PCR of multiple-tissue 
cDNA panels Human I and II from Clontech. As shown in 
Fig. 2, TREK-2b is strongly expressed in kidney and 
pancreas. Only very faint signals could be observed in lung, 
liver and skeletal muscle. TREK-2c is strongly expressed in 
adult brain, while weak expression could also be observed 
in other tissues. In panel Human II, none of the three 
primers gave any PCR product (not shown). Using the 
same experimental procedure, no transcripts of TREK-2a 
could be identified in either cDNA panel, suggesting that it 
is not or very weakly expressed in these tissues (data not 
shown). Since TREK-2a was originally cloned from 
human brain RNA (Lesage et al. 2000&) we performed 
nested RT-PCR of both human fetal and adult brain RNA. 
TREK-2a primers amplified a splice variant- specific 
fragment of 139 bp which was subsequently confirmed by 
sequencing. Thus, TREK-2a is expressed in brain, but at a 
much lower level than TREK-2c. 

Amplification with two primers from the shared part of 
the variants was used to estimate the total amount of 
TREK-2 expression. The strongest signal was observed in 
kidney, followed by brain and pancreas (Fig. 2). In all other 



A 
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exon 1a exon 1c exon 1b exon2 

2kb 



B 

TREK-2a (AF279890) exon 1 a exon 2 

MFFLYTDFFLSLV A 
. . TCTTTCTTGGATGTTTTTTCTCTACACAGAC . . tcagTGGCC 

TREK-2b ( AF385399) exon 1 b 

MEDGFKGDRTEGCRSDSV A 
. . TGGTATATGGAGGATGGATTTAAGGGGGACAGGACTGAAGGCTGTCGCAGTGATTCAG£fcag . . tcagTGGCC 

TREK-2C (AF385400) exon 1c 

MKFPIETPRKQVNWDPKV A 
, . GAAGCAATGAAATTTCC AATCGAGACGCCAAGAAAACAGGTGAACTGGGATCCTAAAG£tgg . . tcagTGGCC 



Figure 1 . Sequence analysis of TREK-2 splice forms 

A, relative orientation of the first exons of the splice variant identified in kidney (TREK-2b), fetal brain 
(TREK-2c) and the variant reported by Lesage etal 2000b (TREK-2a). The corresponding genomic contigs 
are also shown. Exons are not drawn to scale. J5, N-terminal cDNA and amino acid sequences of the human 
TREK-2 splice variants (accession numbers are given in brackets). The start codon (bold) and the splice sites 
of the first intron (underlined) are indicated. cDNA sequences are shown in capital letters, intronic 
sequences in lower case letters. 
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Table 1 . Distribution of TREK-1 and TREK-2c mRNA in the adult rat brain 


Brain region 


TREK-2c 


TREK-1 


Brain region 


TREK-2c 


TREK-1 


Olfactory bulb granule cell layer 


+++ 


+ 


Thalamus: anteromedial nuclei 


+++ 


+++ 


Olfactory tubercle 


U 


+++ 


Central grey 


+ 


+++ 


Piriform cortex 


+++ 


+++ 


Dorsal raphe nucleus 


++ 


+++ 


Tenia tecta, Indusium griseum 


U 


++++ 


Interpeduncular nucleus 


+ 


+++ 


N, of the lateral olfactory tract 


++ 


+++ 


Cerebellum: deep nuclei 


U 


0 


Neocortex 


+ 


++ 


Cerebellum: Purkinje cells 


u 


r\ 

u 


Neocortex layer IV 


+ 


+++ 


Cerebellum: granule cell layer 


++++ 


+ 


Hippocampus dentate gyrus 


+++ 


++ 


Pontine nucleus 


+++ 


0 


CA1 pyramidal cells 


++ 


++ 


MedioventraJ periolivary n. 


0 


+++ 


CAz pyramidal cells 


++ 


++++ 


rp • 1 1 1 

Trapezoid body 


+++ 


0 


CA3 pyramidal cells 


++ 


U 


Superior olivary nuclei 


+ 


0 


Caudate putamen 


0 


+++ 


Locus coeruleus 


++++ 


0 


Nucleus accumbens 


0 


+++ 


Dorsal tegmental nuclei 


++ 


+++ 


Globus pallidus 


0 


0 


Gigantocellular reticular n. 


++++ 


0 


Medial amygdaloid nuclei 


+ 


++++ 


Spinal trigeminal nucleus 


+++ 


± 


Hypothalamus 


+ 


++ 


Motor trigeminal nucleus 


++ 


+++ 


Arcuate nucleus 


+ 


+++ 


Facial nucleus 


few+++ 


few+++ 


Preoptic nuclei 


+ 


+++ 


Hypoglossus nucleus 


++ 


++ 


Supraoptic nucleus 


+++ 


+ 


Dorsal motor n. of the vagus 


+++ 


+++ 


Habenula, medial nuclei 




± 


Solitary nucleus 


++ 


+++ 


Thalamus: reticular nucleus 


+ 


+++ 


Area postrema 


+ 


++++ 


Thalamus: paraventricular nuclei 


+++ 


+++ 


Inferior olive 


0 


++ 



In situ hybridization signals obtained for 33 P-labelled oligonucleotide probes on adult rat brain sections were 
rated according to the relative grain density: ++++, very abundant; +++, abundant; ++, moderate; +, low; ±, 
just above background; 0, no expression; few, only a few cells are labelled. Note that only selected brain 
regions with elevated expression levels or markedly differential expression patterns are included in the table. 




GAPDH 
TREK-2 total 
TREK-2b 
TREK-2C 



Figure 2. Tissue distribution of human TREK-2b and 
TREK-2C 

Multiple- tissue cDNA panels from Clontech were used to study 
the tissue distribution of the three TREK-2 isoforms. To avoid 
possible genomic contamination, we used splice variant-specific 
primer pairs that included an exon-intron boundary fragment. In 
panel Human 1, 180 bp fragments were amplified by specific 
TREK-2b and TREK-2c primers, whereas no PCR product could 
be observed with specific TREK- 2a primers (not shown). Note that 
the TREK-2b signals in lung, liver and muscle were very faint. All 
cDNAs were also tested for GAPDH expression, and negative 
controls were performed with all RNA samples to exclude 
contamination. 



tissues, weak but distinct expression could be seen. This 
result is in good agreement with the previously reported 
distribution pattern of TREK-2 expression. The strong 
expression of TREK-2 in kidney suggests that this K + 
channel may play a role in transepithelial transport. 
Therefore we analysed the expression of TREK-2b in 
different segments of human nephrons. In isolated human 
tubular fragments TREK- 2b was strongly expressed only 



614bp- 



180 bp- 




Figure 3. Expression of TREK-2 b in human kidney 

RT-PCR analysis of human glomeruli (GLO), proximal tubule 
(PT), thick ascending limb (TAL) and cortical collecting duct 
(CD). Molecular weight markers are shown in the left lane. 
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in the proximal tubule, as illustrated in Fig. 3. A faint 
expression was also detected in the collecting duct (not 
shown). No expression was found in the thick ascending 
limb and in glomeruli. 

TREK-1 and TREK-2c localization in rat brain 

Using in situ hybridization we compared the mRNA 
expression pattern of the brain-specific TREK-2c splice 
variant with the expression pattern of TREK- 1 in the adult 
rat brain (Table 1, Fig. 4). In these experiments probe 
specificity was ensured by identical hybridization patterns 
of three oligonucleotides for each TREK-1 and TREK-2 in 
rat brain, as well as complete overlap with signals obtained 
from mouse-specific oligonucleotide probes in mouse 
brain. 

As summarized in Table 1, TREK-2c hybridization signals 
were present throughout the brain. Of special note, high 
TREK-2c mRNA expression levels coincide with strong 
expression of TREK- 1 mRNA in various nuclei, such as the 
nucleus of the lateral olfactory tract and the piriform cortex 



in the forebrain, the paraventricular and anteromedial 
thalamic nuclei, and in the brainstem the dorsal tegmental 
nuclei, solitary nucleus, and dorsal nucleus of the vagus. 
On the other hand, strong TREK- 2c signals are also found 
in brain regions where TREK-1 mRNA is virtually absent. 
These include the granule cell layers of the cerebellum and 
olfactory bulb, as well as particular brainstem nuclei, 
e.g. pontine nucleus, trapezoid body, locus coeruleus, 
spinal trigeminal nucleus and gigantocellular neurons 
throughout the reticular formation. Note that vice versa 
many regions such as caudate putamen, nucleus accumbens, 
neocortex layer IV or interpeduncular nucleus specifically 
express only TREK- 1 mRNA. Both TREK- 1 and TREK-2b 
were found to be absent from fibre pathways, in which 
only glial labelling is expected. 

Electrophysiological characterization of TREK-2 
splice forms 

For analysis of channel function TREK-2b and TREK-2c 
were heterologously expressed in HEK 293 cells. Single- 
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Figure 4. Distribution of TREK-2c and TREK-1 transcripts in rat brain 

A-C> TREK-2c; D-F, TREK-1. X-ray film images show the differential expression patterns in adjacent 
midsagittal sections (A and D), and in coronal forebrain {B and E) and brainstem (C and F) sections. AM, 
anteromedial thalamic n.; AP, area postrema; Arc, arcuate n.; CA2 and CA3, hippocampal pyramidal cells of 
the corresponding region; Cb gr, cerebellar granule cell layer; CPu, caudate putamen; DG, hippocampus 
dentate gyrus; DTg, dorsal tegmental n.; Hy> hypothalamus; IP, interpeduncular n.; LC, locus coeruleus; 
LOT, n. of the lateral olfactory tract; Ly IV, neocortical layer IV; Mo5, motor trigeminal n,; MPO, medial 
preoptic n.; MVPO, medioventral periolivary n.; OB gr, olfactory bulb granule cell layer; Pir, piriform cortex; 
Pn, pontine n.; PVA, paraventricular thalamic n.; SO, supraoptic n.; Sol, solitary n., where n. stands for 
nucleus; scale bars represent 5 mm. 
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Figure 7. Whole-cell currents through TREK-2b and TREK- 
2c channels 

Typical whole-cell currents in physiological salt solution 
(containing 5 mM K + ) observed after transfection of HEK 293 cells 
with TREK-2b or TREK-2c. 



almost linear in the presence of divalent cations in the 
pipette solution (Fig. 6A and B). The slope conductance 
between -76 and -36 mV was found to be 163 ± 5 pS for 
TREK-2b and 179 ± 17 pS for TREK-2c. For both splice 
forms the slope conductance was significantly larger in the 
absence of external divalent cations, for TREK-2b it was 
298 ± 16 pS and for TREK-2b it was 273 ± 35 pS. In all 
cases, the difference between the two splice forms was not 
statistically significant (P> 0.05; Fig. 6C). Our results 
clearly show that in divalent cation-free solution both 
TREK-2b and TREK-2c showed inward rectification at the 
single-channel level. 

Whole-cell recordings of HEK 293 cells transfected with 
TREK-2 channels show strong outward rectification in 
physiological salt solution containing 5 mM K + and 



divalent cations, as illustrated in Fig. 7. Since TREK-2ahas 
been shown to be activated by volatile anaesthetics ( Lesage 
et al 2000a) we tested the effects of isoflurane, chloroform 
and halothane on the whole-cell currents produced by 
the novel splice variants TREK-2b and TREK-2c (not 
illustrated). In the voltage range tested (-120 to +40 mV) 
the currents of the transfected cells were reversibly 
increased by isoflurane and halothane, in agreement with 
the results reported for TREK- 2a. At 0 mV, the outward 
current produced by TREK-2b or TREK-2c was increased 
by 34.5 ± 5.5 % (n = 5) in the presence of 1 mM halothane 
and by 12.0 ± 6.7% in the presence of 1 mM isoflurane 
(n = 3). No difference between TREK-2b and TREK-2c in 
the sensitivity to volatile anaesthetics was found. We also 
tested whether the novel splice forms of TREK-2 could be 
stimulated by externally applied lipids. In agreement with 
previous work on TREK-2a (Lesage etal 2000b) we found 
that the whole-cell currents produced by TREK- 2b and 
TREK-2c could be increased by application of 10 /im 
linoleic acid (60 ± 26%; n = 3) or 10 jim arachidonic 
acid (62 ± 13%; n = 3). These data suggest that the 
pharmacological properties of the TREK-2 channels are 
unaltered by the alternatively spliced N-terminus. 

TREK- 2c has a putative PKC phosphorylation site (at 
position 7) not present in TREK- 2b and TREK-2a. Therefore 
we tested the effects of PKC phosphorylation (induced by 
application of phorbol- 12 -myristate- 13 -acetate, PMA) on 
TREK-2b and TREK-2c whole-cell currents (Fig. 8). The 
currents were inhibited by PMA in the voltage range 
tested, as illustrated in Fig. SB. At 0 mV, 40 nM PMA 
decreased TREK- 2b outward currents to 51 ± 5% of 
control and TREK-2c currents to 57 ± 10% of control. 
Exchange of the putative TREK-2c PKC phosphorylation 
site (TREK-2c T7A) did not change inhibition by PMA 
(Fig. SB y inset), indicating that this effect is mediated by 
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Figure 8. Effects of protein kinase C activation 

A, typical recording of the effects of 40 nM PMA on the 
whole-cell current carried bvTREK-2c; repetitive 
voltage ramps between -120 and +40 mV were applied. 

B, comparison of the current-voltage relation obtained 
under control conditions and in the steady state after 
application of PMA. Inset, comparison of the effects of 
40 riM PMA on the currents produced by TREK-2b, 
TREK-2c and TREK-2c T7A. 
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channel recordings showed channels with the characteristic 
high-frequency flicker of two-pore-domain K + channels 
(Fig. 5A). The all-points histogram (Fig. 5B) illustrates that 
not all of the rapid closures could be resolved at a sampling 
rate of 16 kHz. The amplitude of the single-channel 
currents was determined using an algorithm which 
excludes the short events, as illustrated in Fig. 5C. This 
method allows precise determination of single-channel 
conductance even in channels with rapid kinetics. The 
longer closed times could not be determined because most 
patches contained more than one channel. The open and 
closed times responsible for the flicker could be analysed 
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Figure 5. Single-channel recordings of TREK-2c 

A y typical cell-attached recording of a TREK- 2c channel expressed 
in HEK 293 ceils. The top trace shows the first 20 ms of the lower 
trace at 50 x higher time resolution. B, all -points amplitude 
histogram of a typical cell attached record form a patch containing 
only one TREK-2c channel. C, event amplitude histogram 
constructed from the same set of data using an algorithm that 
excludes very short events, i.e. only events with a duration of more 
than 0.3 ms (> 5 data points) were included. D y typical open time 
distribution, £, closed time distribution of the same recording. In 
j4-Ethe transmembrane potential (inside-outside) was -84 mV, 
the sampling rate was 16 kHz> and the pipette solution contained 
no divalent cations. 



during episodes in which only one channel was open 
(Fig. 5A). Typical open and closed time distributions are 
shown in Fig. 5D and £. At -84 mV, the mean open time of 
TREK- 2b was 133 ± 16 /is (n = 4), the short mean closed 
time of TREK-2b was 109 ±11 /is (n = 4). Similar data 
were obtained for TREK-2a and in recordings in which the 
sampling rate was increased to 100 kHz (n = 4, not 
illustrated). 

In symmetrical potassium solution the dependence of the 
single-channel current on potential was found to be 
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Figure 6. Dependence of single-channel conductance on 
external Ca 2+ 

A, single-channel current-voltage relation of TREK- 2b and TREK- 
2c in the presence (#) and in the absence (O) of external divalent 
cations. 5, mean values of the slope conductance of TREK-2b and 
TREK- 2c, determined between -80 and -40 mV in the presence 
(#) and in the absence (O) of external divalent cations. C> the slope 
conductance of TREK-2b and TREK-2c measured in the presence 
(+DVC) and in the absence (-DVC) of external divalent cations. 
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one or more PKC phosphorylation sites shared by both 
splice forms. 

It has been shown previously that the TREK-1 current 
amplitude is also down- modulated by PKA phosphorylation 
at the serine residue at position 333 (Patel et al 1998; 
Lesage et al 20006). Since this PKA site is conserved in 
TREK-2 (serine 364) we tested the effects of PKA 
phosphorylation induced by forskolin (Fig. 9). Application 
of 10 fiM forskolin produced a significant decrease in 
whole-cell current in both TREK-2b (to 57 ±7% of 
control) and TREK-2c (to 64 ± 13% of control). When 
the single PKA phosphorylation site was removed (TREK- 
2c S364A) treatment of the cells with forskolin had no 
effect (95 ± 7 % of control) as illustrated in Fig. 9B inset 
These data suggests a direct effect of the phosphorylation 
of residue 364 on TREK- 2b and TREK- 2c channels. 

DISCUSSION 

Tissue distribution of TREK-2 channels 

The two novel splice forms of TREK-2 reported here 
showed a clearly distinct expression pattern: whereas 
TREK-2b is strongly expressed in kidney and pancreas, 
TREK-2c is mainly expressed in brain. This may indicate 
differentially regulated alternative splicing of the TREK-2 
pre-mRN A in different tissues. We were not able to detect 
the originally described splice form, TREK-2a (Lesage etal 
2000ft), in any of the multiple- tissue cDNA panels tested. 
However, RT-PCR of human RNA indicated a very low 
level of expression of TREK-2a in fetal and adult brain, 
which was only detectable after re- amplification of the 
original RT-PCR products. 

We have found a differential expression pattern for TREK- 
1 and TREK-2c mRNAs in rat brain (Fig. 4 and Table 1 ). In 



some areas of the brain the transcripts of TREK-1 and 
TREK- 2c were found to have an overlapping distribution, 
whereas in other areas only transcripts of one of the 
channels could be detected. The expression pattern of 
TREK-2c described here may be compared with the in situ 
hybridization data obtained very recendy by Talley et al 
(2001) with non-specific TREK-2 oligonucleotides that did 
not discriminate between different splice variants. Despite 
quantitative differences, the results of Talley et al (2001), 
which probably also represent the regional distribution of 
the splice variant TREK-2c, are in reasonable agreement 
with our data in many brain regions. However, there are 
also some remarkable discrepancies. In our analysis, for 
example, various brainstem nuclei, e.g. the dorsal motor 
nucleus of the vagus, solitary nucleus and hypoglossus 
nucleus were found to contain high levels of TREK-2c 
transcripts. Furthermore, we detected strong expression 
levels of TREK-2c in the paraventricular and anteromedial 
thalamic nuclei as well as in the pontine nucleus. Another 
striking difference is that in our study strong TREK-2c 
signals were observed in the locus coeruleus, whereas 
Talley et al report signals very close to background in 
this area. The locus coeroleus contains most of the 
noradrenergic neurons of the CNS with a broad efferent 
network, thus providing a well-characterized neural system 
suitable for the functional characterization of TREK-2c. 

It is generally agreed that quantitative comparison of 
expression levels of different channels is difficult because 
the hybridization efficiencies of oligonucleotide and RNA 
probes may depend not only on the design of the probe 
and methodological details but also on local cellular 
factors. In view of these experimental limitations it is 
gratifying to see that by and large the results obtained by 
Talley et al (2001) and by our group are consistent. 
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Figure 9. Effects of protein kinase A 
activation 

A y typical recording of the effects of 10 fiu forskolin 
on the whole-cell current carried by TREK-2c; 
repetitive voltage ramps between - 120 and +40 mV 
were applied. B, comparison of the current-voltage 
relation obtained under control conditions and in 
the steady state after application of forskolin. Inset* 
comparison of the effects of 10 jim forskolin on the 
currents produced byTREK-2b, TREK- 2c and 
TREK-2cS353A. 




Potential (mV) -1000 



666 



W. Gu and others 



J.Physiol 539.3 



Together, these studies may contribute to the endeavour of 
correlating heterogeneity of channel expression with 
heterogeneity of physiological properties of different 
populations of neurons. 

The other splice variant, TREK-2b, was strongly expressed 
in the proximal tubule of human kidney. To elucidate the 
possible function of these channels in the kidney it is 
necessary to determine the subcellular localization of 
TREK-2b channels. If they are targeted to the basolateral 
membrane their strong outward rectification would be 
consistent with a role of these channels in the 
transepithelial transport of potassium ions. 

Functional characteristics of TREK-2 channels 

Using an algorithm that excluded the very short events we 
were able precisely to determine the current amplitudes of 
TREK-2b and TREK-2c channels at different potentials 
despite the rapid kinetics of the channels. In symmetrical 
K + solution, the single-channel current voltage relation of 
both splice forms was almost linear in the presence of 
external Ca 2+ and Mg 2 *. The slope conductance measured 
at negative potentials in the presence of divalent cations 
was in the range 150-200 pS. Since the longer events 
showed a roughly Gaussian distribution and were consistent 
with the histogram of the raw data (Fig. 5) it is very 
unlikely that the determination of the single-channel 
amplitude was distorted by the rapid kinetics. The 
elementary characteristics of the other splice variant, 
TREK-2a (hTREK-2a; Lesage et al 2000b) and of the rat 
orthologueofTREK-2a (rTREK-2a; Bang etal 2000), have 
only been studied in inside-out patches. Interestingly, the 
conductance of these channels at positive potentials 
(allowing outward currents) was found to be much smaller 
(100 pS for hTREK-2a; 68 pS for rTREK-2a) than the 
values reported here. The reasons for this discrepancy are 
not clear. In the absence of external divalent cations, the 
conductance of TREK-2b and TREK-2c at negative 
potentials increased to 250-300 pS. The molecular 
mechanisms underlying the marked dependence of 
inward currents on the presence of divalent external 
cations (Fig. 6), which is also found in TASK-3 (Rajan etal 
2000) , are not yet known. 

The K 2P channels are generally characterized by short 
openings interrupted by short closures, which results 
in the typical 'flickery' appearance of single-channel 
recordings. The mean open time of TREK-2b and TREK- 
2c at -84 mV could be described by a single time constant 
of about 130 /is. The closed time distribution at the same 
potential showed at least two components, of which the 
shorter one was about 1 10 /is. The whole-cell current 
voltage relation of TREK-2b and TREK-2c in normal 
physiological salt solution (containing 5 mM K + ) was 
outwardly rectifying (Fig. 7), similar to TREK-2a (Lesage 
et al 2000b). This outward rectification is most likely the 



result of (i) the asymmetrical K + concentrations and 
(ii) the voltage dependence of open probability (Lesage 
etal 2000b; Banger aZ. 2000). 

Regulation of TREK-2 channels 

The amplitude of the whole-cell current carried by TREK-2 
channels could be increased by volatile anaesthetics 
(isoflurane, halothane and chloroform) and by externally 
applied lipids (linoleic acid and arachidonic acid). In this 
respect there was no difference between the two novel 
splice forms TREK-2b and TREK-2c and the data 
published previously for TREK-2a (Lesage et al 2000b). 
This was to be expected since the three splice variants differ 
only in their N-terminus. At position 7 of TREK-2b there 
is a putative PKC phosphorylation site that is not present 
in TREK-2a and TREK-2c, However, both TREK-2b and 
TREK-2c could be inhibited by PMA, a non-specific 
activator of PKC. Furthermore, removal of the putative 
phosphorylation site by mutagenesis (construct TREK-2b 
T7A) did not cause a significant change in the effects of 
PMA. Thus, the putative phosphorylation site at position 7 
is either not functional or the phosphorylation at this 
position has no effect on current amplitude. 

In contrast, we found that activation of PKA by forskolin 
produced a significant decrease in whole-cell current. When 
the putative phosphorylation site was removed (construct 
S364A) the inhibitory effect of forskolin disappeared. 
These findings suggest that phosphorylation by PKA at 
position 364 of TREK-2b and TREK-2c (which corresponds 
to S359 in hTREK-2a) can inhibit the outward current of 
TREK-2 channels. 

Possible alternative splicing in other K 2P channels 

In the Gen Bank database several entries from TREK- 1 and 
TRAAK channels from different species can be found 
which differ substantially in their N-terminal regions. This 
may indicate alternative splicing in other members of the 
TREK/TRAAK subfamily as well. For human TREK- 1 , two 
putative splice forms can be found in the Gen Bank database: 
AF129399 and AF171068 encode a shorter variant that was 
characterized in several studies (Fink etal 1996; Meadows 
etal 2000), AF00471 1 encodes another longer splice form 
(named TPKC1) isolated from human brain that also 
harbours 15 extra amino acids at the N-terminal part 
(Bockenhauer et al 2001). Interestingly, the TREK-1 
isoform that we isolated from rat brain has a similar 
N-terminal extension (accession number AF385401). 
Unfortunately, a genomic sequence for the first human 
TREK-1IKCNK2 exons on chromosome 1 is still not 
available. For TRAAK there are database entries for 
mouse, rat and human. A yet unpublished human TRAAK 
isoform (AF247042) is significantly longer (26 amino 
acids) than the mouse and rat cDNAs (AF056492 and 
AF302842); the published human sequence (Lesage et al 
2000a) may therefore represent a different splice form. 
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Conclusions 

The diversity of potassium currents in different cell types is 
determined not only by the number of different channel 
genes, but also by alternative splicing and heteromer 
formation of different subunits (Luneau etal 1991; Butler 
etal 1993; Attali era/. 1993; Shuck etal. 1994; Derst etal 
200 1 ; Pan et al 200 1 ) . Diversity of the K 2F channel family is 
partly determined by the relatively large number or 
different genes: about 50 K 2P channel genes were found in 
CaenorhabdiHs elegans (Wei et al 1996), twelve K 2P channel 
genes were found in Drosophila melanogaster (Littleton & 
Ganetzki, 2000) and the number of K 2P channels in the 
human genome is at least 14. The results reported here 
show that alternative splicing of TREK-2, and possibly 
other K 2P channels, can further increase channel diversity. 
The cell-specific expression of different splice forms may 
play an important role in determining the functional 
properties of various neuronal and non-neuronal cell 
types. 
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POTASSIUM LEAK CHANNELS 
AND THE KCNK FAMILY OF 
TWO-P-DOMAIN SUBUNITS 



Steve A N. Goldstein, DettefBockenhauer, lia O'KeUyand Noam Zilbecberg 

With a bang, a new family of potassium channels has exploded into view. AHhougn KCNK 
channels were discovered only five years ago, they already outnumber other channel types. 
KCNK channels arc easy to identify because of Iheir unique structure — they possess two pore- 
rorming domains in each suuuniL The new channels function in a most remarkable fashion: they 
are highly regulated, potassium-selective leak channels. Although leak currents are fundamental 
to the function of nerves and muscles, the molecular basis for this type of conductance had been 
a mystery. Here we review the discovery of KCNK channels, what has been teamed about them 
and what lies ahead- Even though two-P-domain channels ere widespread and essential, they 
were hidden mom sight in plain View — our most basic questions remain lo be answered, 

events occurrtafi in just milliseconds, leaks seemed 
largely invariant: they were readily ignored, cosily cam- 
ouflaged and even actively removed by 'subtraction' 
during obctrophysloJpgical recordings. But cloning ana 
study or TOKJ from Saccharomyces arcvislae* 
KCNKO Pram Dtosophlla mchnofptstcr^ M and J I nwm- 
malian rwo-P-domaln K~ channel genes have estab- 
lished unequtvocaUy that leaks are indeed much more 
than unchanging dribble through partway* devoted to 
ether functions (table D . 



Potassium (K~) l«alt currents have b<?pn doscribed as 
essential lu nc^juromuscular function tor more than 50 
yean 1 ' 4 . However, the existence of unique molecular 
transport entitles responsible for leak currents (also 
called resting or background conductances) was ques- 
tioned despite the fact mat tftey were attributed promi- 
nent roles in the function of jympaihctic gongKo 50 , 
invertebrate axons 7 , vertebrate myelinated axons*- 14 
and cardiac myocytes 1 *- We now understand that 
leak is noLjust seepage, but flux through dedicated 
pathways. 

Leak airtcnis exen control over excitability by shap- 
ing the duration, frequency and empliiuac or actfrm 
potentials, m part through their influence over the rest- 
ing membrane poxemig I (BOX « . Increased K" leak cur- 
rent* stabilize cells at hyp&isolajrlzed voltages below me 
tiring thresnoid of nerves and muscles, wherero leak 
suppression permits depolarization and exCiuUon. In 
addition, although leak channels pass K" readily upon 
changes in membrane volLage. they opera k under tight 
control of agent* as disporotn aa molecular oxygan, 
cyclic nucleotides, noradrenaline, serotonin and GAB A 
(Y-amJnoburyric acid)" But despite their significant 
duties and tight regulation, nativp. leak currents have 
defied cohsrartl description ror years. In o multitude of 



Potassium dtaimeis With (wo P domains 

Before 1 995. K* channel subunils wore idendfabta by 
the pmsance of a singly pwra-lhrmlngP domain, cbarac- 
teroedby the amino-add signature mnlif TXGYG 3 * 10 . 
For example, voltage-gated K" channel (Kv) sutnnri&s 
have one P domain and six transmembrane 0"M) s»g- 
monis (1P/6TM) . The fourth transmembrane aornain 
(54) acts as voIls&g sensor; it has positively charged 

reaiduco at every third or fouirh position and mows 
with changos in membrane potential to trigger Channel 
opening* 1 - 42 (nr,. la). Similarly, inwardly rectifying K" 

channel (Kir) subuniis also haw orvi P domain, but 

only two Lransmemhrane segments (IP/2TM) . The 
outward currents Guough these channels are relatively 
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Box 11 What is leak? 



OVA I I WIM^ iv*—' 

Frc^earllcslday^ 
X^toex^ 

potentiate mmJurtttwbldiifatt returned incurrcnip^rw, W ksuil * PP tt«i 
^nxed background curraisprewnt a tn=«nrvd to cufr^ that «~m to rfee tnsumdy to 
a mr* atcody levd w>(h vdr^ L**U can be noTvsdecrivc (for example, wtien a 

Even at rest, the plasma membrane of a living cell is barfing tfirh aarvtty . «ns move in 
anclom and ionic o.*d oioctrical trarerr^brane snKlients htc maintained. The tome 
gradicnL is established by active Lranspon sysierr* (*uch as No'-*- pump*) -These pump* 
expend cdlutor energy (ATP) to keep imeniHl Jev*b of Na A low and K~ high. ^ J^y^ 5 
dissipate di* ionic graoW by openine water-Hied pathways across mc membrane thai 
allow ror free diffusion of selected icms An open K< channel allows K~ ions in flow ouL of 
the cdl <k>-m the K- cor**ntr*don g^dlpnt. Thi* leaves behind negative counter loiiv 
produanflAnexr^rfrietf^ 

continues unto, die chcnr«*l favouring cfihx* is balanced by tho <d«cire*t»tlc enerey 
favouring K* Influx. Ai *qulUbrtum, chemical and dfcevosmric forces are equal, efflux 
equak mflin and there is no net movement of K~ ions. The NcmSt potential is ihe 
mcmbrnne votings lhntyicld= equilibrium for a particular ion at 0 gten lomc firadlem. For 
a hypomslalnKanbrawtnmaUuv^o.ilyK- rocr oss,meNernsipoifindallsdic»rT«« 

the cQOiimrlum reversal potential ibr K' Inn^^an^fooVrambwllvl:^^ 



_ R7* ^cjl 



CO 



wWRfc (he b» coosoBoaL lis Uwoeraiure in decrees Kelvin, zU> die charge of mo Ion, 
f is Faraday's constant and K^and the concentrations of K' In the external and 
internal compartment^ respectively. For physiological K" ion coocenrrationi at 
phyvioJo^ltempcraLure W "Q.lLTfzf is -llnV —97 mV. Mammalian celLi 

have resting membrane potentials of -60 LO -90 mV h* cause K~ ions are no t the only ions 
ih»t move at nau tot wmpK LwUcofNa' and Cl" moves the membrane towards their 
Nern-i potentials (about +67 and -93 m V, resp^cdve^.TtiercMtngmeni^^ 
ft often dose to Ey. because more R- chanrtefe 8 i»op*n at nM than pathways for other Ions. 

fisfdtftbuiry depends on resrlng membmc potential because action potential!! Ore When 
the mernbrane voltage rises to a tnresnold level where voltagc-piied channels open and 
subsequently bcooniC indcrlve. lb Arc again (hew vohago-fptad ch*W»el5 must recover 

from InacnValiun by retu rnlng to a negative potential below iftreshold, mat Is, die resting 
membrane potcndaL 

small owing 10 chronic destruction by in fcrnal magne- 
sium and polvamines: whm membrane voltage is nega- 
tive wuh respect to me K- equilibrium potential (^), 
K- tons that move into the cell relieve pore blockade 
and inward ion flux is sigiilrlcRnt ,a *" {FIG. Au) . In boLh 
families or one-P-domam channels, rour subunia 
assemble to form n central K--5dcctivc pathway across 
die membrane 15 - 47 . 

In 1995. the fast example nf a iwo-P-dornatn rhannd 
suDunll- TOK1 - was found In the sequence database 
foT Hie budding yeast Saecharomycfx txtevjslaei TOKl 
has oighi predicted transmembrane segnientS (2P/H I LVl) 
and consatuled Ihc flrsr example of a non-volcagy-garcd 
outward rectifier 75 ''' O-'G- * 3 - The following year KGNKO 
wjis cloned from the rwruromuscular tis^uas of the adult 
fruirJQy Drosophiht metiiiogastrrvn ihe basis of Its capac- 
ity Lo rescue rT-QTinspori-defeCuve yeast cdls*. KCNKO 

subunila were also found to liave two P domains but jvu* 

four pn?dic wd transmembraiv: sccments C2P/ 4TM) 
(PIG. id) and provided the first ewrnple of a canonical K*- 

adectivc bakconduccineti channel. The first niarnrioalten 
gene for a 2P/4HV1 subuntt - KCATCJ- vrasalsoiden- 
tified in the same year** * 1 and, although it ww i*ter 
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jjroved u» be a rcm-funcuotttl chatmri^ 51 , aLLenUon was 
focused and these previously initfnsplcuous channel 
genes carne rusning tmo view- 
So for, over 50 genes for v-ubunlts have been 
rccognizttdlns^iuence databases and 14 of Lhem havft 
been cloned, studied and formally designated (table D ■ 
UnroTLunately. ihis frenry of produetivlry him led to » 
ncnrtcnclouire nightmare. So, thftrc are idenUcal sub- 
units with multiple names; ror example. TBAtU. 
TA5K1. and KCNK3 are the anme subunit hx 
Olher cases, subunitj arc the product of n<»n-hornol<i- 
gous genes but shore mo same root name: for example. 
TASK1 (KCNK3) and TA5K3 QUCNKO) are noxslgnifi- 
candy related toTASK2 (KCNK5),Thftre are also iden- 
tical gene* with multiple names: for exaropU. what 
some authors call K^kS (REF.52) is ofOdally ItCflkS 
(reps 50.5:^ . However, this is also unfortuns te Irecause 
KcnASShouia have been Ken*7, as it b the mouse vari- 
ant of the human gene XCNK t OTO 5'-0 - there are a Is 0 
subuniw named for funcuonal attributes Thar later 
proved Lo be minor or uiaccuratery assessed, Nlrjreover. 
Oie number of rwn-P-domain channels is expecLad to 
increase significantly on the basis or ihe presence oT at 
lewt A2 potential g«nes for ZP/4TM subunlrs tn the 
complete genomic sequence of the nemBindc 
QdenarnaoaVexj clegansP*', Indeed, one of them - 
TWK-lB- has now been shown to ha vp K' channel 
actfvity^.In an atcernpilo avoid thisconfusloa we now 
use a slrnpiined teTininology tnat ts genc-bosed end in 
accord with HUGO (Human Ccnome Organization) 
assignations; for example, KCNKO gtne and KCNKO 
channel ctablhi). 

Functional types of baro-P-domain ch«nnpl 

A doxen two-P- domain channel genes have Deen 
snown to funcuon in experimental cells so far, and 
xhret! have yet to show Teproducible acoMxy despilfi the 
presence of their transcript In native calls (TABLE D- 
TOK1 and KCO I (rkf. SB) (a plant 2P/4TM subunlt) 
encode non-volcage-gatcd outward rrriifiera. The onl- 
mol isolioca KCNKO, Z$t5 t 6. P. 10. J3and TWK-1S 
encode K'-seleccrve leak channels: however, this does 
not seem ro be ihew fun runaional repertoire. 03 At 
leaw one, KCN r k2. can reversibiy transform inU> a 
voliagft-gatcd channel 571 "- 

Outward* nxdBcrs. TOKl remains unique die only 
2P/8TM subunft- It functions as 9 non-volugn flatad out- 
ward rectifier: ihal is. a channel thaL passes outward cur- 
rent in a K - ouncf^mUonKlep^dcni (and so E^-dcpen- 
deni) fashion (PIC, ic) , rtminlscenc of inward rccrifler 
channels but in the opposite direction (FIG. Lb) • TOKl 
currents show an apparently tnsianiancous Increase fol- 
lowed by a slow rising phase in response to depolarlza- 
tlon 2W8 Trt ycaat cells (which are not noted for their 
axcltabUity) , TOKl channels are a largul of Kl lclller 
toxm, a peptide encoded by an RNA wm ihet mediates 
sntdn -environmental dominance by killing its virus- free 
nc^hbours 33 . E^barnal Kl toxin direcUy activates TOKl 
channels, lead ing to increased K ' ftuxeoid death oFvlnrs- 
frcc cell"- Convcraery* internal Kl toxin hlodts 'fOKl 
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"Table 1 1 The two-P-domain potawmm 



channels 



Gene* 


Siibunft 


Spades 


roKi 


TOK1 






KCNKO 
(JQRK1 


D. meftfriogaszer 
(1-10A1-2J 


KCNK1 


KCNK1 
TW1K1 
hOHO 


M. mtiSCL/ftJS (H) 
P non&gicos 


KCNK2 


KCNK2 
tREKI 
TPKC1 


ht. sapiens (1q41) 
Mmusato 

O rarriK 


KCNK3 


OAT1 
TA3K1 


W Cflrt/pni^DZI 1-23,3) 
M, rmiAculus (SB) 


KCNK4 


KCNK4 
TRAAK 


H. 5ap/crK*ll1q13) 
M, museums 


KCNK5 


KCNK5 
TASK2 


H, SapfcnS (6p21, 31-33) 
M musculus 


KCNK6 


KCKK6 

TOSS 
TW1K2 


H.sapien${l 9q13.1) 
ft nowgicus 


KCNK1 


KCNK7 




KCNK8 


Kcnxe 


M.mU5CU/l/Sl19,ZB) 


KCNK9 


KCNK9 
TASKi 


h. sap/ens (aqz4, 3) 


KCNK10 


KCNK10 
TREK2 


R salens (14q3l) 
nnrveglcus 


KCNK11 




Reserved 


KCNK12 


KCNK12 
THIK2 


H. sapiens (2p22-21) 
/?. ram/5 




KCNK13 
THIKl 


R.tfttoS 


TWK-78 


TWK-18 




KCOl 


KCOl 


A. tfts/i'ana 



Expression mRNA 1 
C-pKrtem shown) 



CNSSM, GU 

CVR. CNS, GU. Gl 
CVR, CNS"*, GU 

CNS. Gl 

CVR, CNS" GU, SM 

CVR, CNS, GU, Gl 
CVR" 

CVR CMS" 

CN5. GU 
CNS** 

GU. CI 
UB 

CVR. CN*. GU, G| 



CVR, CNS. GU, Gl, 

C rertno) 

UB 

CNS, GU.GI 
CVR. CNS, GU, Gl 
UB 

BoaywaiimusdH 



Phenatype 1 

Outward 
Open 

None 



Open or vokogc- 
dependent 

Open 



Open 

Opftn 
Open 

None 

Open 
Open 

None 

Open 

Open 
Outward 



Regulatory 
influence? 1 

KlTxivVAn 

PKn 



MS 1\, VAT] 
Temperature ^ 

CHou AAi. 
Ai.VAn, 

AAti,MSti 

pHouVAn 

AAt^.VAv 



pko i. AAi 



AAn 

Temper aujre t\ 
(mcmdl Ca*' n 



Accession 
number" 

U2B005 

U55321 

U7S996 



AF00471 



References 

25-35 
35-36 

4S-S0. 
105,106 



49,50.57, 
58.69-72 



AF065153 81.75-60 



AF24704Z 
AUDZB553 
' AF1 3m9 

AF 110522 
AF15B234 
AF212829 



92.107-109 

87,110 

50.53. 
111,112 

52 
51 

60,113,114 



AF279880 115.116 



AF237302 

AF2B7303 

AAC32861 
X97323 



73 

73 

55 
£6 



~N* roes for Tnammuiian clones assorted by HUGO raw and «cm represent human and mouse oolaieo. rccpccrtvcly The 42 potential KCNK-liko genes m 
tt^naWte e^zir*. irciudinn rhe first rurtciional Lsolare (7VWC- 7ft Have not received KCNK designations, 

5. cerc!Mft»M. .SoDchortjmxt*f ccrKwaae. 



taHumne fc0,3 mM); PK. * l^oW tfwhep » activation or supper**^ Ol one or nm prOtin Wnase ^™£ A ; ^ P >S°rT 
Change w\m one Jrw of prtystoloypl ^ chnngc in response m chrral cancemrertan of lidocatno (s300 uMI or bupw8C9lnft t£Z00 uMJ. Mi , tSTwnroia 

■ocrepse in resoonsc 10^-60 mm Hfl^ icmperarurE, Q^, >4, 
1 M-!i jman if avaBablO- 



maocoscopic curkun ri 

TtR «nm af thciunic curronR*- 

mcamrfcdslnraituneousJ) axmII Bi 
1»gc pcipukiioa of rhanneh. 



The Uttio ofrcaolon rales for n 

1(TC InnrcazK hi UtYtfK^Tviro. 



chsnnck, opposing chp uffact of external lOXin axid con- 
ferring Immunity Lo vlrus-posiuvc cells". Moreover, 
OVCreXpression of TOK1 csn rescue K' -Tnm5parl-dcfisc- 
dvc yeas cclfcv 32 , whereas overactive channel mutants WP 
normal calls 50 . Why K* homeoswsisisi crucial for yeast 
rv\\ survival lswraririin. as resTing poicnilal and nuiricm 
uptake in yeast eclb arc primarily dependent on a irans^ 
membiaaie gradient fnr pracons nnhar than for K". as is 
ihe case In marnrnallnn ceus (BOXi). 

KCOl, «i 2P/4TM channel from AtaMdopsb rfuiana, 
is also axi ouxward recofinrbut k responds, both CO changes 
inland in cy loolasrnic Ca 2- levels* 0 , Tha mechanism 
responsible for Pon-vriUagc-gtirnd outward recrificiuori 
(BOX l) seems lo involve boih conformational changes of 
*e protein and ion occupancy ofthe pon? 2 ^* 31 . 



Open recrrflcrs — KCNKO. KCNK dwnneb aptratc like 
K--^lccllvc holer, in an electric field: thaL is, they 5b dw thw 
utributes wpactud for leak channels. KCNKO was the 
Rrst clone to show the Dnenoiypfic mactoscohic currents 
that seemed to be li^ntancous, Indepenaent of volisgR 
and selective for K* (r£F.36). Moreow KCNKO channels 
showed 9 behaviour called Goldman- Hodgkm- Katz 
reccirlcauon* or 'open recciflcadon", « their conduclton 
properties approximated predti:lions of conswTiL-field 
cuttuiil eqvistions for free electrodlfiuslon ihrough an 
open ton-selccrive dote 1 *. In orhcr wrdx KCNKO cur- 
rencs chsngE in a linear fashion as a funcrion of voltage 
wh«n the K' concentraTJon is idenUcal acrnsi ihc 
memorane. But wnen the concenrraLicm of K' is high 
(mracellularly ond low extrPCQllulariy (as occurs in 
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FiourG 1 1 Potassium channels: memttrane topology and amo* voltage rcIobonsWps. Suburb are drawn with th* external solution v^w^is. Graphs 
represent We»l exami**. if iho refcrionship fc KHrtsiiivc to chenges in E K - wo conditions have been drawn' symmeinc (sym, flashed) and phystobgfc/il (pnya, sofidj K • 
concentration. Currents arc orgwn nased on charmc* scudhd in rymmortc cond^ wiih 500 m* pufccs u> voltages of -40 * so mV (c- bottom psneO. thy dashed 
line corrKportte to 0 mU a | V/otuge-gated K 1 channel <Kv) SUbunlts have a une-P/SiX Tensmembnane domain (i P/6TM) predtoux] rapotogy and en* notcdlor the* 
positives cnarged fourth transmembrane segment (54) that acts bs a sensor forchsnges in rrwrnlxanc potential. Some Kvchannefe are activated by dcpoiartzannn las 
shown hW whurt^s ouieas open In response 10 hypcrpoteriTing Hlirfliii. The current trace IS uasco on KCNQ1 and reveals a ddny before current bcglno to ™*> 
WIHOi re<**u im Umc ti aKw for rhe chunneto a> enter Nq the open scare eft«r rha voUage chang* b | Inward*, rocflry(ng K* channel (Kir) sutxmte have one P domain 
and two rraretmcmbrane segments n P/2TM). Kir channels pass small outward currents owing to chronic blockade by intracellular cations: large inward currents pass 

WncflCS are raster than UlC resolution of the recording, c 1 1 OKI. a non-vatage-gared. rjwwardry rectifying K- channel rrom Sacchnramye^ ccr<sv&(&V\# has a 
2F/0TM nrrsfcifed topology, The chonnd passes outward current when member* vdiaga Is posWve relative to E K . The trace reveals a fasc and a stow phase 10 
cun^r dewioonicnc after a change in vdiaflc. d I kcnk channels nave a preriioeu 2P/4TM-wbuw topology The cnonncb are open roofers «nd dibw iho passage 

of Inrqe uulword Clirrcnfc under cOndHtortS of high Internal and low eatpmal K* {BOH 2). The current U0CG t$ based On KCNK0. ft ShOWS a nearly llnea CUHH£MT- VOIJUCP. 
KKUTfOwsi up under symmfitneal K' , and repeals nn detay Derorc girrenr starts to now txcowsv the chonrtcb ore open hefbrfe ihe voltage stop. 



STrMMETRTClONlCCONDrnorii 

Cenriidora ill Vhlchdv* 

txtiiocnxmclon of a par) waitai* ion 
b ihi SiHV on both aria Ofu 
m»mbran». 

niKHKNT VOUAGE 
RELATtOlsltUTP 

The chaflgtt In Ionic current naa 

function of m*(Vlt>ranc uohagt. 



mamnwtiaT) cells) . a larger outward current 15 observed 
(Fie id) . Indeed, even KCNK channels thM p^sa larger 
inward rhnn outward single-channel currents in. symmetric 
K x mediate primarily outward currents under DTrysJo- 
loglcaJ Ionic condiiions 50 ; open recrjflcarion was an 
experxed alulbuQe of clpned K- leak channels 0&X 23 . 

Characterization of single KCMK0 channels has 
helped to deGnjf the basis For upen recrmcarion by show- 
ing, as expected. That leak (urrcrra accrue frpm chonncb 
that arc npen at rest 3 ". So, voltage-gated K" channels 
>.how a pause before current Flows because they are 
dosed before a stimulating voltage step; the ctelay reflects 
ihe lime k rahco th?: channel to mow into the open cun- 
fbrmatiorf 1 ^. Conversely, single KCNKO channels show 
bursts or activity that last for mlnuies (punctuated by 



long-lasring closures) at all vohagea: a result, the chan- 
nr.h are often open before a voltage step smd ready to 
ru» current without: delay 12 CF1G. Zti . Whereas all KCNK 
channels are expected lo leaK in this fashion, the varloiw 
IsoUrtes have already begun to reveal iheir Individual dif- 

t«rancofi. Poi* oxsnipl?. cumHlls through KCNKO rise 

uismtanetnisry lo a siaDle new level qucs la. z<o whereas 
ion flow through Kcnk3 ahowa cddidonal vnhage- and 
tirne- dependent responds to changes in potwniial 51 . 

Studies of suwle KCNKO diannels have ako shown 
Lhax leaK pores conduct lor» Kkn rme-P^ domain chnr»- 
mdbr^. showing rapid and selective ton fhix throuflh a 
pathway thai holds rnulrjple ions sirrujItaneoiBry^ ,4V ". 
5o, KCNKO cnannels show attribute* that herald 
ion- channel and ion- ion Inter? ctions in a multi-ion 
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j ytfhydo channels rectify? 



rV^urnchanr^ 
Ungual ion enr^tt^^ 

reaction, is *eenwirhr*t^^ (Rft 1«0.*™1 

«pbia<= why KCNK channel pass outward current wider pbytfolnguai ionic conditions. 
5o, KCNKO tuts 5 linear single toel current-**^ rdadoxahln under symmetric 
oanendom* 3 , u^pt^ KCNK9 shows mild inward recimcarW 0 . Nonetheless, bo* 
channels pass sifinincanl current* only In the outward cWUon acros* Ac physiology 
voltage ranee under native io.ilc conditions of high internal and tow external K' 
Althxni^o^undeftyu^ 

not move independently of each other or ihc pore) , this iWy pt^lcts come oF the 
observed nonlinear currem-voiUge rcOarionshlps j^njrfcingfr wctf - 
• Gating. Chnnncl* can rectify if they only op*n in a «oltage raUfie that favours outward 
or invJfl rd current. For example, some vollage-gatod K ' oianntb show wllagc- 
dependent outward reeducation because ihcy opcnwiih dcpokriJstUon to >*>h*&s 
where enftward K" flux is favoured 0*G- W. Unlike TOK1, these channels do not shift 
dwir actuation vullage wlrh Olher depoiurrzatlon-uctJvjin-d channels arc inw3*<l 
rccUftert because (hey InacrivfttC *a rapidly one* dwy op«rt thnr they only pass Urge 
curries on r«x>w*y fixmi innervation at negative volUBes where inward Bux is 
fevoured". Still Other voltage-gaifid Cianreb .nhow irmorti rectification beoaus* Ik*? arc 
opened by sLcps to hyperpolariaed voltages 9 *- 

■ RorXSomeiainnniasrc^ 
For erampl e, irrerani rec4ine» of 

because internal magnesium and polyarninca bfaatruct them -when membrane voltage is 
positive io^-TKc channeb *™ unblocked at hypcrpolar bed potentials below 4. 
sdlownB jtienifUwU Irnvajrd K* Flint 43 - 43 {RC lb). 



ANOMALOUS MOLE-FRACTION 

HKUAVtOUR 

When mo or mort ions 
idmuhxA&ou^yTcddeinndea 
channel, indr rowimi 
thro ugh rhc ponr a dependent 

on oaeh Other. Whan chxitfttl 
conductance measured 
function of the concentration 
rano or wo oilftrem tnniE 
*p)Cl« and the condormnccgoes 
IhfOUgh a minimum rather than 
changing linearly as the rauo 

cKanR^ Itwi il it WU* to Show 

armmatous mole-fl-octfnn 

pf?l attve permhawlity srjitrs 
A bJwi Ion channel cW» allow 
the passage of rrtcteri ionic 
xpede3.aldUWCh not all vitiithe 

some <m>«. Prtrawlum cJouirt-b 
can be ju^ipcil by tAelr nrlacivr 
penneabiljiy for monovalent 
caliutiOOT «|ulUbrl\irik. 



poro 3 *: nonlinear amccntrgritjri-dcpendent changes In 
unitary conductance (i'IG. 2d) , anunialous moldtractton 
hkhaviouRi poTe occlusion by barium and a classical 
relative p^mcadiuty series. This result was noi surpris- 
ing: the cloning or KCNK channels revealed that th*y 
USfid Lhc same porn- forming motif as one-P-domaln 
channola. Hcrwewr, significant differences are likely to 
o*ist between the pores of one-P and two-P-domaln 
channels* 7 . In the case of onc-P-domain channels, four 
marching P loops are assembled lo form the pore, 
whereas the two P dotnairis in KCNK subuniCs ere not 
identical 0 '". 

Finally, studies of single KCNKO channels have 
shown tba t leak diannefcs am not always op**. KCNKO 
activity is linked strongly to protein kinase action*. Single 
channels open when kinases are arrive (open probability. 
Po - 1 ) and close when they are suppressed (Po -cfl.OS) 37 
ttiG. 20 . This docs: not herpld ail -or-none inflexibuJry: 
KCNKO aeUvlty Is find)' tuned through integration of 
signals from mulLIplc arcr^-mca3cngcr paLhways that 
involve proLcin kina^ A. C and C- These paihwayS 
determine die frequency and duration of the lonfi-last- 
tng closed stated - The regulatory domain of KCNKO 
seems to reside in ixs -700 residue carboxyl terminus 
as xh* region can b« deleted to produce active Dut 
unrvgulated -300 resWue 2P/4TM channels (fig. 2c) 
that contain the KCNKO pore and its gate", 

like KCNKO (and most clw&ical one-P-domain K h 
channels**) . (he level of activity of other cloned KCNK 
channels is also strictly regulated. Notable influences 
include kinase-derjendent pathways, arachidonic acid, 
niembranesut^ exrerrialpHar^ 



FhcnotypicOexibihty: KCMK2. Expressed robustly m. the 
central nervous system (CNSJ.esr^lalryinthehippo- 
camnus. whole- CCU KCNK2 currents are increased by 
arachidonJc ncid, rneehanlcal stretch <md volatile anaes- 
thcLics and diminished by lowered lumpers lure via a 
protein kinase A (PKA) -deocnaent pnthw^ 0 T: - 
Expiorm£ Ore Dasts forPKA effect, we were surprised \o 
find th«L regulation of KCMK2 could produce some- 
thing other than more or less leak. Single KCNK2 chan- 
nels show uneapecceo and Clynarnic: runerMjrial vcns»iili- 
ry: reversible Intcr-^onvcrsion from a leak to 
vuliagc-dcpendont phenotyp^ 7 ^. Thus. KCNK2 is an 
op«n rccrifler when the an^e canonical PKA consercius 
site is mutated Lo alanir* (or bears no phosphate), pass- 
ing large rurrcnia both inwards and outwards In sym- 
metrical rtiruiidore (Fie. a«3 . Conversely, cr^nriels alrHred 
u> aspsiruLe at the site (or phnsphorytated) pass more 
outward current even in symmetrical K~ « m/ing to vtilt- 
age-dependent diongcs in ihedr open probability QnC2b) . 
Those channels show a half-maximal activation voltase 
>0 m V to does noL change wilh (REFS st. 58) and so, 
are like classical vohage-gQtcd channels [PIG. UOX 2) 
ralher than the cwc^-P-clomain outward rectiflersTOKl 
andKCOl (tic This prterK^calcherrylsraojecifid 
in enhance neuronal exdiatullty as leak currcno inhibit 
ClepolBraauon Towards firing threshold, whereas chan- 
neb activated ax supra-Lhreshol d poumrials do nol inter- 
fbra with rise to threshold tniL do facilitate recovery and 
rfcpeiiUve re-rlnng. 

Thu rtoii-IunalonMJ genes. The producls ofKCA^i. 718 
and J2remaln silent aespice reaching me plasma mcrn- 
rjrane^.VVie have propoaed, ihcrcforr^that for these pro- 
teins to become functional channels, they require a 
hitherto uiildenrKied accessory subuniL pore-fcrrrrring 
subunlt or reEUiatory influence* v ' . So 6r, their expres- 
sion with functional KCNK suhunlts has failed in pro- 
vide evidence for heterorn«Jtric co-assembly 8 wn . bux the 
possibiiily lhat nrjn-pore-rctfming subuniis arc required 
for the function of these proteirn Has received genetic 
wpport In C- ck&uts. A channel subunit 

encoded by the $UP<9 gene is found in the same uells as 
rwo genencally interacting prouans that are predicted to 
reach the mcmbmnr. and that lack P domains (rek, 74 
and L P6rez de la Cruz and H. R. Horvlrz. personal 
cnrnmunicatlon). 



Aa^ignlng KCNK channels to native leate KCMK3 

Studies tha l aoek to conflate KCNK eenes and native 
currents are Defilnning to emerge in the UterarurR, but 
such endeavours are difficult. Indeed studies of one-P- 
domain chann&ls have shown ihc common challenges to 
include, ftrel rion-ldenriral channels mat behave similar- 
ly, and seconci. tdenucal chnnneh that behove differafidy 
aa a function of their errvironrncnt (for e^mplp, cacperi- 
rnctnuil venrsus nadve ccU>. two different cells in the same 
tissue, and the same cen Type mhcalth and tfcco3c).Such 
oonfcnjnding variation results from altered gene expres- 
sion, mJRNA processing, stibunlt conrposilion and cnan- 
nci mofJuiaaon, ana JsaLso iikdy to airwidaiiificorion of 
the physiological correlates of KCNKchanm&L 
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The process of establishing a correlation begins 
with 9 suspicion born of similarities between a native 
current and a doned channel, It must then be con- 
firmed thai the channel protein is expressed in the cells 
of inter**!, and, laier. a direct tjiophyslcal compare 
ideally at the single ctiannd level should be done- in ihe 
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RgifC 2 1 KCNKO single channels open 8na close, srwmuW^attril»iiic= and arc 
regulated, kcnko channel ware studied by weprcsslon in Xenopus oocytes, a I Top. Single 
KCMK0 channel racorded in hp. orvce* oaten aieo mv for 5 nrnunes wfch mM KCiatth* 
cxuacellularraccoftte^ 

Stftp frtim 010-120 mV (arrow), Trw? firsi iracc snow? the response when inc cnannd was ctosed 
(C) hcToro m© seep; rh« no^t mree tr^ show tne response Observed wficn me cnanna W35 open 
(0) before tfie pulse. (The dasfted line is ihc 0 mV onreni teveO- Cumulative Indtefltes an ensemble 
of 40 trees?, b | kcnko singJo-channd conductance saturates wifli iiKJBflSngty Symmetrel K" 
(rirCtaSj, IrseJ. MOOG1 or a muW-ion pore showing ihfliion&cntRring a channel rrnghlfind It 
occupied! as iho new ion can nei traverse the pore t^tl^TeadentJonlefMs,llsmoven^fanDi 
Independent (oasned tSneinujp psne|> nnd ahOWS 0 soturaiirvcj vdocny. o 1 Top. MscmscoptC 
KCNKO currents measured by r^-etectfouc voltage damp in 20 mM k* wrcn or wErraLa do nM 

PMA (fJnatJnM Z-myrcnm&- 1 3-occmTc} or 2 fiM SWiirnsparinc. T* * crtl waKheW *i -BO nW and 
depolarized by 250 ms Steps from -1 50 to 60 mV In 30 mv moranencs followed by 75 ms ot -1 50 
nW. Second panel. Fr^K(>JKOcnanneterea^dcdinflnc^ct^ pstchaiBOmvwIihF^ArnOie 
oath and men staunApOfine, Third panel. Macroscopic current traces for o cell expnaaaing $ 
channel wirtioui ihe- camo^-termirQl 700 rcwiduos under conditions 85 In the top panel. Bottom, 
Model of a KCNKO submit showing the two functional domains, one porc-fdrmlng and ihe otrter 

rfsgiisiuy (RacordingS adapted with permission from RBFS 37-38} 



cosh of K * teak currents, we be^JCi from our expectations 
and encounter the Hist problem. Leak currents should 
be instantaneous, stable and sen* to suppress excita- 
Clun becw* they shift the noting rnambrane potential 
LowaxtLs Bp a pou>ntlaI that Is negative relative to ihe 
Orins ihrcshol d of nerves ana nrusdes (boxd. However. 
KCN K channels arc not the only channel Lypo to mani- 
fest these attributes: many classical on«-P-domain 
channels also open in the hyperpolai'lzed voltage range, 
influence resiing membrane potential and contribuu> 
to leak (box s). 

However, the cask isnot Insurmountable- particularly 
when studies are Staled by judicioususe of the avail- 
able pharrrjaculoglcal tools. Thus, the most extensively 
studied mammalian genca. rat KcufeSand mouse Kcnk3 
(refs Bus- eei seem lo medJpcp currents in fjeveral Tjs>ufis. 
Trra* include: cardiajc backeround currems (i^ , neuro- 
trartsmirxer-lnhibitca arrrents in cental ncuroro, neu- 
ronal currenw filtrrcd by volatile anaosthoticB und, per- 
hapa, coq^ ssonsin^ b^ ih^ auor^ 
of ANcwri'ensiN n on adrenal cells* 5 . 

Cardiac 1^, Kcnk3 is an open rectifier noLed for its in- 
hil?iiion by external protons across the physiological 
pH range (nc. 4a) . In the mouse, Kcnk3 is cxpn^ed 
rjirougnoui Oic henn wilh prornincrice in the vBntriclc^ 1 
(Fit:, 4b) . This channel shcrws low basad open probabJlJtry 
(<fl.05) . brief transirions to ihe open state, blockade by 
atidlflcatfon of flic exrraoallular medtum in a K* -acred- 
tive fashion, and decrementa! changes in activity in 
response to Its most common regulators". In cardiac 
rnyocy les, 1^ influences the arnpliLude ana aura don of 
the acuon-potentlal plateau and, consequently, the 
duration of myocardial contraction". On th* basils of 
their common distribution and biophysical attributes, 
it seems iikftly mat Kcnic3 channels contnhun: id nadvr 
1^ currenb! in mouse hearL Dl ' BI . 

ISfairoaunsrnillcr-inhlbtted leak cnasmek Inrnbirion of 
resting K" leak currents 1$ a widespread mechanism by 
which serotonin, noradrenaline, su balance P, gluX3mabi. 
xhyrocropin-releasing hormone (TRH3 and acelyl- 
rhol3utuc Gacrine throujch musrarmic receptors) enhance 
neuronal excitability in the nervous syaUim 11 . This is 
crucial co the regulation of 'swte-^itchinfl' in cortical 
and thalamic neurons, which seems to mediate transi- 
tions between Sleep and waKefulncss. and perhaps amen- 
itvenew' 1 . Two groups have now associated KCNK3 
with these transmiLiftr-serisitive currenrs in rai hypo- 
glossal motoneurons 83 and cerebellar granule cells"*- 
Hypoglossal motoneurons express ihe KCNK3 Iran- 
script (PIG. 4c) and show KCNK3-I0cp currents uSatOXC 
lnhihitod by lowered pHorbyrtw QilTerent neuniuans- 
mitters Known to operate Lhrough recrptora that typi- 
cally wae die oy, , G proteins. Once blocked by lowered 
P H , tha native channels arc no longer sensi b'vf! ro ihe 
uxmsmttterii (FIG. 4<o , Moreover, expression of the rcccp- 
tnr forTRH with KCNK3 rhannels in experimental cells 
can reconsiiiute the phenomenon: TRri inhions doncd 
KCNK3 currents unless they are previously suppressed 
bysdiHficatlon 0 (ncio). 
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Figure 3 1 KCNK£ O teak pore Ihotoan ahso ope™te as a 

vo ft#go-gai«d channel- inside-out patches were excised 
ftom oxyjes cscprewinn the cnanncb and studied with 
symmetric; 100 mM KCl; 2 s shown. Open staic (dasned nne) 

^.8 DA an 00 mV md -6.5 pAof-10QmV, sampled 20 kHz. 
loused 2 kHz (BJEFS 57.58). a | Sinflte KCNK2-5346AC0ann^ 
have the same open probahSLy across a wrie range of 
porenfcte as expected fur a non-voi&ge-aepcnaent lee* pare. 

b | Single KCNK2-S34BD channels show a a/caicr open 
probabany at 100 than-100 mv (oOD-frid 3 '-*^ 



Box 3 1 Do otfior K* Chamrete leaK ? 

teS- Any ctannd open at rest will contribute to 
background K ' current. Classical one-P-domam 
chanods thai leak Include: 

• Kir suburac*. The oncP/rwo uansmembrane domain 
(1F/ZTM) Inwdrd recrJficrs oc* stabilize cells near ^ 
because their acnVity is dppwidcPH on irw'apd tllDt 01 K~ 
and relief from clirordc channel block. An example la 
the acttylcftollne-Induced current in ihc bean. J^g, 
which is crucial for he*rt-ratceoTWJOl 1 "'. 

- Kr Bubunie. Some of died* 1 P/6TM vubuulcs form 
channels that arc active at hyperpolartecd potentials 
when on their own M , Others leak when associated with 
noocssory subumra. For cxampiP. MinK -related peptide Z 
(MiRP2) asscmbleswith theShawfemiry isolated.* to 
form SilbthrcshoSd K* dmrmcls In skeletal muscle lh*= 
sd ihe nsdogmembnuM potential and are associated 
in routant form with inherited periodic pa^alysl3 lll, - 
• KCNQ .cubunUS. These 1T/BTM summits form mixed 
complexes oTKCNQ2/3 and KCNQ3/4 that show a 
relatively hypcrpolarlzpd adivadon threshold 
(—60 mVJ.Thcy oomramtc lu M currents in 
sympalhctf C neurona and The cxnlral nervous ^slfcin, 
and sre Inhibited by muscarinic receptor activation and 
arc associated with fan^coilepsy^ fi, -KCKQl 

subuntci r^*'" prominent expression In the ear and 
heart and are associated with inherited deafness anil 
anhylhmia* ,,,u ; M1RF2-KCNQ1 complexes hove been 
shown to allow Tor rhc passage of K T Ions alrttl In 
experiment* eclk ,o:UM . 
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Action of anaesthetics. Soon after mcy were identified, 
KCNK channels were considered prime candidates as 
nadvr targets for anacsthftlics 2 - 30 . The idea was atcnacrjve 
bec?uvM anaexhetks enrtancc leak currents in neural O 
sue (and therefore ctoeasc excitability) and. at the same 
Umc, the presence of KCNK cruifuieb In the hseH could 
explain th« depressive side effects of anaRSLhctlcs. 
Several KCNK clones are sensitfve to local and volatile 
anaesihfcucs (TABLE i). Moreover, nouve KCNKS-liKc 56 
*ind KCNKS-likc channels 87 have been shown Lo 
respond *t dinieally relevant CfiDcennarJons. KCNK3- 
exprassing nynociofisaland loais coemlcus neuroTus 
(f IG.ie) shavw halcithanc-lndviccd. pH -sensitive mem- 
brane hypcjpolarization tha t leads to decreased spiking 
acdvlryw (Fic.fcJ/Inhiblnon of nyoofllossal and locus 
coeruleus neurons Is drought co contribucc u> 
halothanc-lnducttfl immoblHzation and to thp analgesic 
and hypnotic actions of halothane, respectively. 

These are compefliiig results, bail caution Is In order. 
One and rwo-P-domain K' cK mrush that show compa- 
rable attributes arc widely expressed In the heart and 
brain. Cardiac rnyocyles contain rapidly acrivaflng, non- 
triactivaring, voliagc-dependent K x chonneb p ormed by 
11V6TM Kvsubunits. These charuicls contrtbule to K' 
flux during ihc plateau of the cardiac action potcnoel 8 *. 
Similarly, voliage-depcndent M channels formed by 
1P/GTM KCNQ sub units miyhL accompany neuronal, 
musciirine- Inhibited KCNK3-like channel as KCNQ 
ctiannels are also suppres^d by muscarine and cxtcmal 



aadificatlon. and contribute to no.*iing K A flw owing 
Lo their activation at hyperpolarized potentials 39 " 
(BOX 3J. 'Furlhermore, KCNK channels themselves 
show overlapping anribures and expression paUema. 
For exarrmle, KCNK2. KCNK3 and KCNK4 are neuro- 
rran^mitter-lnhibited resting currenLs that are co- 
expressed in several regions of the nervous system, 
although they do have dbtingufehable regulatory pro- 
njcgn.sitt (table i) . For instance?, serotonin inhibits all 
three channels, but KCN K2 Qlta Aplysin cahfornlca 
sensory neuron S channcb^ 1 ^) » suppressed via cydic 
AMP ond PKA. whereas KCNK3 and KCNK4 are 
rwpt>nsivG via another sifinalJUbng pathway. 

Many uiuni9v>cied questions 

Two-P-dotnain channplx have been di*icovcrcd at a 
remarkable rate over the past five years. This has pn> 
ducea a rnarvEllous collection of KCNK gene* waiting 
to be studied that seem well matched to the multitude 
of orphan channels without Intrinsic voltage depen- 
dence mat nave been found in nauve cells*- 05 . Some 
Long-winding issues hovr. been addressed, bui our most 
pressing question* ramainto be ariSwerttLWhatroleS 
do KCNK chajinels have in physiology and disease? Are 
they targcU tw common drugs? Where are their gate* 
(and do they resemble the gates of one-P-domain chan- 
nels as we suspeCL^* 8 *'"^*)? How does KCNK2 sense 
vuliagc? WlU KCNK chonncb other than KCNK2 ^iow 
phenoiypic vereatiHty? Do two-P-domain channels 
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..«,» Mm . ra mbHr »d neuronal currents, a | cloned kcn K3 channels gio InNbiued ty external protons at 
Rquc4| KCNK3 diaru^: moteeiiar coiTcteOon wnn native cannac ^/^"T^ *> _ ,i 20 iu-,45 rnv in 1 S mv uoten.« steps, for 

08m pH (nraar * SEM) Tor groups tflivc cafe "-mated » P^; 0 - a lS H nal lor mesaoc tn vend**! and a weft spa In ana. 

C ifi Still nytTririnnUOn of roi brain vrtrt 3 -"V-iaEMitoa anos»rt>** piuue wi w. ^ , ^^juT*: d i ThvrotiOOT.rDleasteUJ hormone CTRHJ tniltOTCS DOttl 

»ld«* ^ uu s im*. ,ud *c tacw. vagal m. an* ~ ^£ ^^^TTX^^Top Hypc**Ja moa^n* 

were exposed UOtowpH srjluuon IWtjre ana alter Oa^^*"^^ !™ u °™^^^^ _J£L „«, ofa^ „ M t BR TRH acted to Hit* me 
mKwid „ HEK 293 cess exposes both KCNK3 and ^^^^J^^^X^^^^^^^ COMMB. SJppraaig Wng b, 
My so thtflurtta effect** 

«***« 0 KCNKa-lke current Top Holding Mimefe e*« -« ^.^^^S^i^.^ tfSSSid b aOaptetl «o twmsaon mm «BU 

with DQf mission from REF, W p gOPOl SOtfeW ror Neuroaciencc.) M ■ ' 



lunctlon as dlmerx (crosslink^ through a non-con- 
served cysteine indicates tnai inismi&mbc the cnac*)? 
Do t>otr» P domains conttibutc direcdy to port forma- 
tion? Will lack of identity bftiween first and second P 
domains In KCNK channel SUOunltS yield variation* 
in gatinja or In ion .selccdvjly 67 ? Do KCNK subwniU 
form hrbiromcrc? What kind of alchemy will brmft the 
non- Functional KCNK variants to Hfe? 

Conclusion 

Fifty years *»fter K l -69i active leak channels wen: flrST 
described, their £encs have been round. They ore 
numerous and widespread. The genes encode unique 
channel subunits with Lwo pow-formtna P domains. 
Whereas fungi and plants contain variants mat opcrot* 
as non-voliage dependent outwnrd rectificra, animals 



carry at lew SO genco for 2P/4TM v-ubunits (thoKCNK 
channels) dial function as open recliDCTS primarily pass- 
ing outward current under physiological K- conocntra- 
nons. Studies of single KCNK channels have confirmed 
that leak currents result from channels open at rest but 
have also shown that leak channels are not always open, 
instead. like Lhelr native counterpart, the activity of 
KCNK crmrincOs b subject to strict- regulation. As expect- 
ed from classical studies, KCNK channels seem to con- 
trol Ove excitability or nerves and rnusdes and, perhaps, 
to mediate the effects of volatile anaesthetics. Thus. 
neurotrar«n\iilcr-mediated InhilriUc^of resiingK' flux 
has an excitatory influence, whereas increased nrtiviiy 
with anaesthetic exposure stabilises cei ls ai rest- 
Rcgulalion of one KCNK isolate has bnkXX ooserved to 
rcvorslbly produce lealc or volcagL-dcpendenl runction. 
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behaviour? that srebte cells or fcOliiace repHUdve exci- 
tation, respectively. There is much yet to learn about 
KCNK channels now that they are visible. Like dar)c 
matter in the universe, the more we understand, me 
grtttter ttvur influence seems 10 toe. 
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Mechano-sensitive and fatty acid-activated K + belong 
to the structural class of K + channel with two pore do- 
mains. Here, we report the isolation and the character- 
ization of a novel member of this family. This channel, 
called TREK2, is closely related to TREK1 (78% of homol- 
ogy). Its gene is located on chromosome 14q31. TREK2 is 
abundantly expressed in pancreas and kidney and to a 
lower level in brain, testis, colon, and small intestine. In 
the central nervous system, TREK2 has a widespread 
distribution with the highest levels of expression in cer- 
ebellum, occipital lobe, putamen, and thalamus. In 
transfected cells, TREK2 produces rapidly activating 
and non-inactivating outward rectifier K + currents. The 
single-channel conductance is 100 picosiemens at +40 
mV in 150 mM K + . The currents can be strongly stimu- 
lated by polyunsaturated fatty acid such as arachidonic, 
docosahexaenoic, and linoleic acids and by lysophos- 
phatidylcholine. The channel is also activated by acidi- 
fication of the intracellular medium. TREK2 is blocked 
by application of intracellular cAMP. As with TREK1, 
TREK2 is activated by the volatile general anesthetics 
chloroform, halothane, and isoflurane and by the neu- 
roprotective agent riluzole. TREK2 can be positively or 
negatively regulated by a variety of neurotransmitter 
receptors. Stimulation of the G 8 -coupled receptor 
5HT4sR or the G q -coupled receptor mGluRl inhibits 
channel activity, whereas activation of the Gi-coupled 
receptor mGluR2 increases TREK2 currents. These mul- 
tiple types of regulations suggest that TREK2 plays an 
important role as a target of neurotransmitter action. 



Potassium channel subunits containing two pore domains 
form a novel class of background K + channels. These rLjp 
channels have unique pharmacological and functional proper- 
ties (1-10). They are active at all membrane potentials and 
display very rapid kinetics of activation and deactivation, and 
no inactivation. Their widespread tissue distribution suggests 
that one of their major physiological role is the setting of the 
resting membrane potential in many different cell types. How- 
ever, background K* channels with specific functional and 
regulatory properties, as well as unique tissue distribution, 
have now been cloned. These channels could be involved in 
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more specific functions such as epithelial K + transport and 
regulation of neuronal and muscular excitability (11). 

Various K + currents have been recorded in vivo from neuro- 
nal, cardiac, and smooth muscle cells that form a subfamily of 
background K + currents sensitive to fatty acids (12-15). Re- 
cently, fatty acid-activated K + channels have been cloned from 
mouse and human (2, 6, 16). These channels, named TREK1 1 
(TWIK-related K + channel) and TRAAK (TWIK-related arachi- 
donic acid-stimulated K + channel), produce quasi-instantane- 
ous currents that are outwardly rectifying in physiological K + 
gradient. These channels have a low basal activity compared 
with TASK background channels (3-5). However, they can be 
strongly activated by application of arachidonic acid. This ef- 
fect is specific of unsaturated fatty acids. Oleate, linoleate, 
eicosapentaenoate, and docosahexaenoate all strongly activate 
TREK1 and TRAAK, whereas saturated fatty acids such as 
palmitate, stearate, and arachidate are ineffective (6, 17). An- 
other efficient way for activating these channels is the appli- 
cation of a stretch to the cell membrane (17, 18). Both channels 
are activated by shear stress, cell swelling, and negative pres- 
sure. They are mechano-sensitive K + channels. Compared with 
TRAAK, TREK1 has additional features. TREK1 is inhibited 
by activators of protein kinases C (PKC) and A (PKA). The site 
for PKA phosphorylation has been localized in the cytoplasmic 
carboxyl- terminal part of the channel (17). TREK1 but not 
TRAAK is opened by internal acidification (19). Lowering pH ( 
shifts the pressure-activation relationships toward positive 
values and leads to channel opening at atmospheric pressure. 
TREK1 but not TRAAK is activated by inhalational general 
anesthetics, halothane and isoflurane, at concentrations used 
in human general anesthesia (16). Finally, TREK1 and TRAAK 
have different tissue distributions, the expression of TRAAK 
being more restricted to neuronal cells than TREK1 (2, 6, 20), 

This article describes the cloning, the genomic organization, 
the localization, and the functional characterization of a novel 
human K + channel with two pore domains. The molecular and 
functional properties of this channel indicates that it too be- 
longs to the particular subclass of mechano-sensitive and un- 
saturated fatty acid-activated K + channels. TREK2 is more 
related to TREK1 than to TRAAK, and like TREK1, it is acti- 
vated by general anesthetics at clinical concentrations. TREK2 
is modulated by different types of neurotransmitter receptors. 



1 The abbreviations used are: TREK, TWIK-related K + channel; 
TWIK, Tandem of P domains in a Weak Inward rectifying K + channel; 
TRAAK, TWIK-related arachidonic acid-stimulated K + channel; TASK, 
TWIK-related acid -sensitive K + channel; PKC, protein kinase C; PKA, 
protein kinase A; RACE, rapid amplifications of cDNA ends; PCR, 
polymerase chain reaction; kb, kilobase(s); contig, group of overlapping 
clones. 
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EXPERIMENTAL PROCEDURES 

Cloning of TREK2 — Sequences of two P-domain channels were 
used to search homologs in public DNA data bases by using the tBlastn 
alignment program and TREK1 as the query sequence (21). This led to 
the identification of a genomic sequence (EMBL accession number 
AL1 33279.1), which showed significant similarities with TREKl. To 
characterize the corresponding full-length cDNA, 5'- and 3 '-rapid am- 
plifications of cDNA ends (RACE)-PCR was performed on adult human 
brain cDNAs ligated with adaptors (22). Two antisense primers for 
5'-RACE (5'-ACTGCCGAGGTCCCAGTGGCTGCTGTT-3' and 5'-TCT- 
GGCTGCTCTC AAAGGGCTGCT-3 ' ) and two sense primers for 3'- 
RACE (5 '-GACGATCCCTGCTGTC ATCTT-3 ' and 5 '-TTGCAGCTGTC- 
CTCAGTAGATCG-3') were derived from genomic sequences. Two 
successive RACE reactions were performed by using anchor primers 
5'-TAGAATCGAGGTCGACGGTATC-3' and 5'-GATTTAGGTGACAC- 
TATAGAATCGA-3 ' . The amplified products were subcloned into 
pGEMt easy (Promega), and eight clones of each product were se- 
quenced (Applied Biosystems model 373A). The entire coding sequence 
was amplified from human brain cDNA by PCR using a low error-rate 
DNA polymerase and then subcloned into the pIRES-CD8 vector to give 
pIRES-CD8.TREK2. Inserts from two different independent PCR liga- 
tion experiments were sequenced on both strands and found to be 
identical. 

Analysis of TREKl, TREK2, and TRAAK Distributions— For reverse 
transcription-PCR experiment, multiple tissue cDNA panels were used 
as templates according to the manufacturer's protocol (CLONTECH). 
Primers were: TREK2, sense primer 5'-CAGCCCTTTGAGAGCAGCC- 
3', antisense primer 5 '-AAGATGACAGCAGGGATCGTC-3 ' ; TRAAK, 
5'-GAGGCCCGGCCAGG GGATCCTG-3' and 5'-CTCAGTGCTCACCA- 
CCATCG-3'; and TREKl, 5 '-GGATTTGGAAACATCTCACCACGCAC- 
A-3' and 5'-GATCCACCTGCAACG TAGTC-3'. PCR conditions were 32 
cycles of 30 s at 94 °C, 30 s at 55 °C, and 30 s at 72 °C. PCR products 
were separated by electrophoresis, transferred onto nylon membranes, 
and probed with 32 P-labeled primers (TREK2, 5'-ACTGCCGAGGTCC- 
CAGTGGCTGCTGTT-3 ' ; TRAAK, 5 '-TCAGGCTGCCAGCTGGACTG- 
3'; TREKl, 5'-TAGCTGATCTCCAACTCCAGCCAAG-3'). For Northern 
blot analysis, multiple tissue Northern blots from CLONTECH were 
probed with the 32 P-labeled insert of pIRES-CD8.TREK2 in Ultrahyb 
hybridization buffer (Ambion) at 50 °C for 18 h then washed stepwise at 
55 °C to a final stringency of 0.2 xSSC (IX SSC = 0.15 M NaCl and 
0.015 M sodium citrate), 0.3% SDS. Blots were then dehybridized ac- 
cording to the manufacturer's protocol and reprobed with TREKl and 
TRAAK following the same procedure. A 0.7-kb Bamffl fragment from 
pCD8.hTREKl and the insert from pIRES-CD8.hTRAAK were used as 
probes. Autoradiograms were exposed 24 h at -70 °C on BioMax films 
by using a Transcreen-HE Intensifying Screen (Eastman Kodak Co.). 

Electrophysiology in Transfected COS Cells — COS cells were seeded 
at a density of 20,000 cells/35-mm dish 24 h before trans fection. Cells 
were transiently transfected by the classical DEAE-dextran method 
with 0.2 ^g of pIRES-CD8.TREK2 with or without mGluRl, mGluR2, or 
5HT4sR expression vectors (a generous gift of Drs. J. P. Pin and A. 
Dumuis, Montpellier, France). Transfected cells were visualized 48 h 
after transfection using the anti-CD8 antibody-coated beads method. 
For whole-cell experiments, the patch electrode solution (INT) con- 
tained 150 mM KC1, 3 mM MgCl 2 , 5 mM EGTA, and 10 mM HEPES, 
adjusted to pH 7.3 with KOH; the external solution (EXT) contained 150 
mM NaCl, 5 mM KC1, 3 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM HEPES, 
adjusted to pH 7.4 with NaOH, For outside-out patch recordings, the 
pipette solution was the INT solution, and the external solution was 
either the EXT solution (5 mM K + ) or a K + -rich EXT solution that 
contained 150 mM KC1 instead of 150 mM NaCl. For inside-out patch 
recordings, pipettes were filled with the EXT solution, and the bathing 
solution was the INT solution buffered either at pH 7.3 or at pH 5.6 in 
the internal acidosis experiments. Cells were continuously superfused 
with a microperfusion system during the experiment (0,2 ml/min) done 
at room temperature. A RK400 patch-clamp amplifier was used for 
whole-cell and single-channel recordings (Bio-Logic, Claix, France). 
Single-channel data were low pass-filtered at 5 KHz and digitized at 50 
KHz using a DAT recorder (Bio-Logic, Claix, France). pClamp software 
was used to analyze whole-cell data and Biopatch software (Bio-Logic) 
to analyze single -channel data. 

Concentrations of volatile anesthetics were adjusted from saturated 
solutions (15.3 mM isoflurane, 17.5 mM halothane, and 66.6 mM chloro- 
form) in saline at room temperature (16). Mechanical stimulation was 
applied through an open loop pressure-generating system and moni- 
tored at the level of the patch pipette by a calibrated pressure sensor 
(17). 



RESULTS 

Molecular Cloning of TREK2 — DNA sequences produced in 
the frame of the human genome sequencing program are rap- 
idly accumulating in the public high throughput genomic se- 
quences (HTGS) data base. Searches of this data base using the 
Blast sequence alignment program (21) led to the identification 
of human sequences restrained to a single genomic contig. The 
analysis of these sequences suggested the presence of introns 
and exons forming a gene coding for a novel Kap subunit. 
Oligonucleotides were deduced from the potential exon se- 
quences and used to clone cDNA fragments from human brain 
by using RACE-PCR. The sequence deduced from these cDNAs 
is 2730 base pairs long and contains an open reading frame of 
1617 nucleotides, predicting a 538-amino acid polypeptide 
(Fig. 1A). This protein has the same overall structure than the 
previously cloned K^p subunits. It displays four membrane- 
spanning segments (Ml to M4), two P domains (PI and P2), 
and an extended loop between Ml and PI. The dendrogram 
shown in Fig. 1C clearly indicates that this subunit is more 
related to TREKl and TRAAK than to other K^p subunits. 
Therefore, this novel Kgp subunit was named TREK2 (gene 
KCNK10 in the human genome organization (HUGO) nomen- 
clature). TREK2 shares 63% identity and 78% homology with 
TREKl. The homology level falls to 69% with TRAAK and to 
50-55% with the other K^p subunits. 

TREK2 Gene Organization and Location — The genomic or- 
ganization of TREK2 was deduced from the alignment of the 
cloned cDNAs with the genomic sequences available in the high 
throughput genomic sequences (HTGS) DNA data base. The 
open reading frame is composed of six introns and seven exons. 
The amino terminus of TREK2 is encoded by exon 1, the Ml 
domain by exon 2, M2 by exon 4, M3 by exon 5, and M4 by exon 
6. The third exon codes for the carboxyl-terminal part of the 
M1P1 interdomain, and the seventh one encodes the large 
carboxyl terminus of the channel (Fig. LA). The length of in- 
trons 2-6 varies from 1.8 kb to 35 kb (Fig. IB). The first exon 
being out of the genomic contig, the size of the first intron is not 
known. At this point, it cannot be excluded that the 5 '-untrans- 
lated sequence corresponds to more than one exon. This orga- 
nization is different than TWIK1 and TASK3 gene organiza- 
tions. TWIK1 contains three exons separated by two large 
introns (23), and TASK3 contains only one short intron (10). 
However, genomic organization of TREK2 is very close to the 
genomic organization of both TRAAK (24) and TREKl channel 2 
genomic organizations. Introns 2 to 6 are found in the same 
positions. This observation confirms that these three channels 
are closely related and suggests that they have arisen by gene 
duplication from a common ancestor. A particular feature 
found in TWIK1, TASK1, TREKl, TREK2, TRAAK, TASK2, 
and TASK3 genes is the presence of a conserved intron in the 
sequence coding the PI domain (third intron in the TREK2 
gene). The intron site is between the first and the second 
nucleotides of the codon coding for the first glycine residue of 
the pore signature sequence G(Y/F/L)G. An intron in the same 
position is found in 20 genes among the 36 examined that 
encode potential K^ P channels in the nematode Caenorkabditis 
elegans (25) and in 8 genes among 11 in the Drosopkila, as 
determined by analyzing its recently released genomic se- 
quences. The significance of this conserved intron position is 
not known; however, it is worth noting that this intron has 
been conserved in mammals, where it might eventually have 
the same role as in the nematode. The analysis of genomic 
contig bearing the TREK2 gene showed that this sequence 



2 F. Lesage, C. Terrenoire, G. Romey, and M. Lazdunski, unpublished 
results. 
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Fig. 1. Sequence and genomic orga* 
nization of TREK2. A t alignment of 
TREK2, TREK1, and TRAAK channels. 
Relative positions of introns are indicated 
by arrows. Ml to M4 membrane -spanning 
segments and PI and P2 pore-domains 
are indicated. The star shows the point of 
divergence between the TREK2 channel 
sequences from rat and human. B, se- 
quences at the boundaries exon-intron. 
Exonic sequence is in uppercase. The sizes 
of introns are indicated. C, the dendro- 
gram of K^p channels cloned in human was 
established with ClustalW and Treeview. 
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contains two sequence tag sites, D14S1058 and WI-6710. WI- 
6710 has been placed on the WICGR radiation hybrid map 
308.53 centiKay from the top of the Chrl4 linkage group, and 
D14S1058 has been mapped by Genethon 86.3 centimorgan 
from the top of the Chrl4 linkage group. These results are in 
agreement and indicate that the chromosomal location of 
TREK2 gene is 14q31. This location is different from those of 
TREK1 (lq41) (26) and TRAAK (llql3) (24). 

Tissue Distribution ofTREK2—The expression of TREK2 in 
various adult human tissues was examined by reverse tran- 
scription-PCR analysis. As shown in Fig. 2A, TREK2 is abun- 
dantly expressed in kidney and pancreas and more moderately 
in testis, brain, colon, and small intestine. Only very faint 
signals were obtained in liver, heart, prostate, and thymus. 
This expression pattern contrasts with the TREK1 and TRAAK 
tissue distributions (Fig. 2A). Some tissues express only one of 
these channels: for instance, pancreas and colon (TREK2), pla- 
centa (TRAAK), and ovary (TREK1). Other tissues do not ex- 
press these channels or only to modest levels: heart, skeletal 
muscle, lung, peripheral blood leukocytes, and spleen. Finally, 
some tissues express two or three of these related channels: 
brain, testis, and small intestine. Distributions of TREK1, 
TREK2, and TRAAK in the different areas of the human brain 
were analyzed by Northern blot. As shown in Fig. 2B, the 
TREK2 probe detected two transcripts of 4 and 7.5 kb. TREK2 
is mainly expressed in cerebellum, occipital lobe, putamen, and 
thalamus and to lower levels in the other examined areas. No 
expression was detected in amygdala and spinal cord. The 4-kb 
transcript is expressed at a higher level than the 7.5-kb tran- 
script except in occipital lobe and cerebellum. As expected from 
the previous studies on TREK1 and TRAAK expression in 
rodent central nervous system (2, 6, 20), these two channels 
have a widespread distribution in the human brain. The 2-kb 
TRAAK transcript and the 2.7- and 3.3-kb TREK1 transcripts 
are well expressed in areas where TREK2 is mainly expressed: 
putamen and thalamus. In the brain cortex (occipital, frontal, 
and temporal lobes), TRAAK is also highly expressed. Finally, 
TREK1 is the only channel of this family to be expressed in the 
spinal cord. 



Biophysical Properties of TREK2— TREK2-transfected COS 
cells display noninactivating currents (Fig. 3A) that are not 
present in control cells (not shown). The activation kinetics of 
TREK2 current are rapid. Depolarization pulses induce a two- 
step current composed of instantaneous and delayed compo- 
nents (Fig, 3A). The current- voltage (I-V) relationship is out- 
wardly rectifying, and almost no inward currents were 
recorded in an external medium containing 5 mM K* (Fig. SB), 
When cells are bathed in a K + -rich solution (150 mM), an 
inward current is revealed, and the reversal potential becomes 
0 mV, as expected for a K + -selective channel. However, the I-V 
relationship is not linear and does not strictly fit the Goldman- 
Hodgkin-Katz equation for an open K + -selective pore. The cur- 
rent has a tendency to saturate at very negative potentials. 
Two-step activation kinetics and outward rectification in sym- 
metrical K + conditions have also been found for the TREK1 
current (2, 17). Moreover, like TREK1, TREK2 outward cur- 
rents are more important in 150 mM K"** than in 5 mM K + for 
depolarizations higher than +50 mV. This effect is unusual 
since an increase of external K + lowers the chemical driving 
force for outward K + flux and would be expected to decrease 
rather than increase the currents. For TREK1, this effect has 
been attributed to a stimulating effect of external K + , as found 
for other types of K + channels (27, 28). In addition, TREK1 has 
been shown to be sensitive to external Na* (Na* ). When Na* 
was substituted by iV-methyl-D-glucamine, TREK1 activity was 
strongly decreased (2). TREK2 is only partially inhibited by 
removing Na* (23% of inhibition, n = 5, not shown). Single- 
channel properties of TREK2 are illustrated in Fig. 3, C and D, 
Basal channel activity in outside-out patches is characterized 
by a flickery bursting behavior (Fig. 3C). In physiological K + 
conditions, the I-V relationship is outwardly rectifying, and 
almost no inward currents were recorded as in whole-cell re- 
cording. In symmetrical conditions, inward currents were re- 
corded in addition to outward currents, with single-channel 
conductances of 128 picosiemens at -40 mV and 100 pico- 
siemens at +40 mV (n = 5) (Fig. 3, C and D). It is interest- 
ing to note that the single-channel I-V relationship is in- 
wardly rectifying because the single-channel conductance in- 
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Fig. 2. Expression of TREK2 in adult human. A, tissue distribu- 
tion analysis by reverse transcription-PCR. The amplified products 
were analyzed by Southern blot using specific internal primers as 
probes. To check the integrity of cDNAs, a glyceraldehyde-3-phosphate 
dehydrogenase fragment was amplified, sk. muscle, skeletal muscle; sm 
intestine, small intestine; PBL f peripheral blood leukocytes. B, localiza- 
tion in the brain by Northern blot analysis. Blots were hybridized at 
high stringency with specific probes. Each lane contains 2 fig of 
poly(A) + RNA. 

creases for negative potentials. However, the channel open prob- 
ability at negative potentials is lower than at positive poten- 
tials (P Q = 0.26 at -40 mV and P a = 0.45 at +40 mV, n = 5), and 
this explains why the currents are outwardly rectifying in the 
whole-cell configuration. 

Stretch and pH Sensitivity of TREK2 Currents — In addition 
to being modulated by polyunsaturated fatty acids, TREK2, as 
TREK1, is stimulated by a stretch of the membrane as well as 
by acidification of the intracellular medium. Fig. 4A shows that 
application of a negative pressure in the inside-out configura- 
tion induces a strong activation of TREK2 activity that is 
reversible. The activation is graded in the function of the ap- 
plied pressure (Fig. 4S). As shown for TREK1 and TRAAK (17, 
18), stretch-induced TREK2 channel activity can be elicited at 
both negative and positive potentials, and the level of activa- 
tion increases with depolarization (Fig. 4C). Fig. 4D shows that 
intracellular acidification induces a strong increase of TREK2 
channel activity. This effect is reversible and is observed at all 
membrane potentials (Fig. 4E). A similar effect has been pre- 
viously described for TREK1 (19). Acidification of the extracel- 
lular medium has no effect on the whole cell TREK2 current 
(less than 20% of inhibition at pH 6.5) (not shown). 

Pharmacological Properties — TREK2 currents are insensi- 
tive to tetraethylammonium (10 nui) and Ba 2 ^ (1 mM), Quini- 



dine inhibited the currents (50% of inhibition at 100 jam) (not 
shown). Like TREK1, TREK2 is stimulated by application of 
the inhalational anesthetics chloroform, halothane, and isoflu- 
rane (Fig. 5, A and B). At a clinical dose of halothane (29), 
TREK2 is markedly activated (1.4 ± 0.1-fold increase at 0.25 
mM, ?i - 10, at +100 mV). The maximal halothane effect is 
nearly obtained at 0.5 mM (2.6 ± 0.3-fold increase, n = 10, at 
+ 100 mV). The efficiency of anesthetics is different between 
TREK1 and TREK2. For TREK2, halothane (2.3 ± 0.3-fold 
increase at 1 mM, n = 6, at 0 mV) is more efficient than 
isoflurane (1.9 ± 0.1-fold increase at 1 mM, n ~ 6) and chloro- 
form (1.8 ± 0.1-fold increase at 1 mM, n « 7). For TREK1, 
chloroform is more effective than halothane and isoflurane at 
the same concentrations (1 mM) (16). Fig. 5, C and D, show that 
TREK2 is also activated by application of the neuroprotective 
drug riluzole. As for TREK1, this activation is transient and is 
followed by a decrease of the activity corresponding to an inhi- 
bition. In the case of TREK1, this is due to an increase of the 
intracellular cAMP and a phosphorylation of the channel by 
PKA (30). 

Activation of TREK2 by Fatty Acids and Inhibition by Intra- 
cellular cAMP— Fig. 6A illustrates the strong stimulating ef- 
fect of 10 /am arachidonic acid on TREK2 current (8.4 ± 1.9-fold 
increase at 0 mV, n = 6). This effect is reversible (not shown). 
Like TREK1, TREK2 is activated by other polyunsaturated 
fatty acids, docosahexaenoic and linoleic acids, and by lyso- 
phosphatidylcholine but not by the saturated fatty acid pal- 
mitic acid (Fig. 6, B and C) (17, 31). TREK2 is also activated by 
10 fjiM. lysophosphatidylinositol (5.1 ± 0.6-fold increase at 0 mV, 
n = 8). Application of the permeant chlorophenylthio-cAMP 
(500 /am) led to 50% inhibition of TREK2 activity at 0 mV 
(50 ± 5, n - 8) (Fig. 6D). A similar inhibition is obtained by 
application of a mixture of 1 mM 3-isobutyl-l-methylxanthine, 
10 /am forskolin to increase the intracellular cAMP level (72 ± 
10% of inhibition, n = 8). This suggests that TREK2 as TREK1 
is inhibited by PKA phosphorylation (16). 

Regulation of TREK2 by Co-expression with G 6 -, G r , and 
G q -coupled Neurotransmitter Receptors — TREK2 was co-ex- 
pressed with 5HT4sR, a G a -coupled receptor. The stimulation 
of the receptor by application of 5-hydroxytryptamine is asso- 
ciated with a decrease of TREK2 activity, as expected for a 
receptor positively coupled to adenylate cyclase (Fig. 7A). Con- 
versely, activation of the co-expressed G r coupled mGluR2 re- 
ceptor by glutamate leads to a stimulation of TREK2 activity 
(Fig. IB). The decrease of TREK2 activity by the stimulation of 
5HT4sR is rapidly reversed after washing (Fig. 7A), whereas 
the TREK2 increase associated with mGluR2 is much slower to 
reverse (more than 10 min) (Fig. IB), A third type of G-protein- 
coupled receptor was co-expressed with TREK2. This receptor 
is the G q -coupled mGluRl receptor. Activation of mGluRl by 
application of glutamate led to an inhibition of TREK2 activity 
that is rapidly reversed by washing (Fig. 7C). The G q protein is 
commonly associated with activation of phospholipase C and 
the consequent production of diacylglycerol and inositol 1,4,5- 
trisphosphate. Ultimately, diacylglycerol leads to activation of 
PKC and inositol 1,4,5-trisphosphate to an increase of intracel- 
lular Ca 2+ . However, neither the application of the PKC-acti- 
vator phorbol 12-myristate 13-acetate (100 nM) nor the addition 
of Ca 2+ in the recording pipette (1 /am) was able to induce an 
inhibition of TREK2 (not shown). 

DISCUSSION 

Characterization of a Novel Channel— TREK2 is a novel 
member of the fatty acid-activated and mechano-sensitive K + 
channel family that includes TREK1 and TRAAK. Like these 
channels, TREK2 is not blocked by tetraethylammonium and 
Ba 2+ and is stimulated by polyunsaturated fatty acids, such as 
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Fig. 3. Biophysical properties of 
TREK2 currents. A, whole-cell configu- 
ration. Superimposed current traces elic- 
ited by voltage steps from -150 mV to 
+70 mV by increments of 20 mV. B, cur- 
rent-voltage (I-V) relationships in phys- 
iological (5 mM K + ) and symmetrical 
(150 mM K + ) K + gradients (800-ms volt- 
age ramps from -130 to +100 mV from a 
holding potential of -80 mV). C, steady- 
state single-channel activities at the indi- 
cated potentials. Outside-out patch mode 
in physiological (left traces) and symmet- 
rical (right traces) K + conditions. D, sin- 
gle-channel I-V curves of TREK2 obtained 
from outside-out patches in physiological 
(filled square) and symmetrical (open cir- 
cle) K + conditions. Mean of five examined 
patches. Single-channel conductance was 
128 picosiemens at -40 mV and 100 pi- 
cosiemens at +40 mV when measured in 
symmetrical K + conditions. 
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Fig. 4. Activation of TREK2 by a stretch of the membrane and by internal acidosis. A, reversible activation of TREK2 by membrane 
stretch in an inside-out patch exhibiting a low basal activity at +50 mV. S, effects of increasing stretch stimulation (in mm of Hg) on TREK2 
activation in an multi-channel inside-out patch held at 0 mV. C, multi-channel inside-out patch. Effects of membrane voltage (as indicated) on 
TREK2 activation by the same membrane stretch (-75 mm of Hg). D, reversible activation of TREK2 by internal acidosis (pH f 5.6) in a patch 
displaying a low basal activity. The maximum TREK2 activation is obtained in depolarized conditions. E, multi-channel inside-out patch. Voltage 
dependence of activation by internal acidosis at pH 5.6 is shown. In A and B, the control value of pH, was kept at 7.3. 



arachidonic, docosahexaenoic, and linoleic acids, by lysophos- same gene organization, indicating that the three genes prob- 
pholipids and by application of a negative pressure to the cell ably derive from a common ancestral gene. However, TREK2 is 
membrane. In addition, TREK2 shares with these channels the more related to TREK1 than to TRAAK. TREK2 and TREK1 
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Fig. 5. Activation of TREK2 by vol- 
atile anesthetics and riluzole. A, halo- 
thane (1 mM) stimulates TREK2 channel 
activity elicited in the whole-cell configu- 
ration. The I-V curves were obtained with 
a voltage-ramp protocol of 800-ms dura- 
tion starting from a holding potential of 
-80 mV. B, activation of TREK-2 channel 
activity by chloroform (CHC1 3 ), isoflurane 
(/so), and halothane. The number of cells 
in each experimental condition is indi- 
cated above the bar. C, transient activa- 
tion of TREK2 by riluzole. Evolution of 
the current under control conditions (7), 
after a 20-s application of riluzole (2), af- 
ter a 3-min application of riluzole (3), and 
after a 1-min wash (4). The voltage-clamp 
protocol consists of the same ramp as in A 
applied every 10 s. The current was mon- 
itored at +100 mV. D, corresponding I-V 
curves of the experiment shown in C. 
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Fig. 6. Activation of TREK2 by poly- 
unsaturated fatty acids and lyso- 
phosphatidylcholine and inhibition 
by cAMP. A, activation by arachidonic 
acid (AA) of the whole-cell TREK2 cur- 
rent. The I-V curves were obtained with 
a voltage-ramp protocol of 800-ms dura- 
tion starting from a holding potential of 
-80 mV. B, activation by lysophospha ti- 
dy lcholine (LPC). The protocol was as in 
A. C, effect of fatty acids on TREK2. DHA y 
docosahexaenoic acid; LA, linoleic acid; 
PA, palmitic acid.D, regulation of TREK2 
channel activity by cAMP. Inhibition of 
the current after external application of 
500 jot chlorophenylthio-cAMP (CPT- 
cAMP). The voltage protocol was as in A. 



have unique functional and pharmacological properties that 
are not shared by TRAAK; they are negatively regulated by 
agents that activate PKA, positively regulated by acidification 
of internal medium, and strongly activated by volatile general 
anesthetics. Like TREK1, TREK2 is also transiently activated 
by riluzole, whereas TRAAK is permanently activated. For 
TREK1, the inhibition that follows activation by riluzole has 
been related to an increase of intracellular cAMP and a conse- 
quent inhibitory PICA phosphorylation of the channel (30). In 
molecular terms, TREK2 is also more related to TREK1, not 
only if one considers the overall sequence homology but also the 
distribution of this homology along the sequences. TRAAK, 
TREK1, and TREK2 have a conserved domain that extends 
from Ml to M4. Between TREK1 and TREK2, the homology 
level remains high after M4 and continues over 50 residues. 
This post-M4 carboxyl-terminal part is crucial for TREK1 



channel sensitivity to fatty acids and stretch but also to PKA 
and pH; (17, 16, 19). The high level of conservation in this 
domain between TREK1 and TREK2 explains why these chan- 
nels have closely related mechanisms of regulation. Interest- 
ingly, the PKA site, which is implicated in the negative regu- 
lation by phosphorylation of TREK1 (17), is conserved in 
TREK2 (serine 359), suggesting that TREK2 is negatively reg- 
ulated by PKA in the same way as TREK1. In TREK1, the 
cytoplasmic amino terminus is not important for the channel 
activity and for its mechanical and chemical regulations (17, 
16, 19). This is also the case for TREK2 because a truncated 
TREK2 beginning at methionine 55 apparently conserves its 
properties after the removal of the first 54 residues by mu- 
tagenesis (not shown). While this manuscript was being re- 
viewed, the cloning of a novel channel from rat has been pub- 
lished on line (32). This channel is clearly the rat ortholog of 
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Fig. 7. Regulation of TREK2 by G- 
protein-coupled receptors. Left, evolu- 
tion of the whole-cell TREK2 current un- 
der control conditions (1) at the steady- 
state effect after receptor activation (2) 
and after wash (3), The voltage-clamp 
protocol consists of a voltage-ramp of 
800-ms duration starting from a holding 
potential of -80 mV applied every 10 s. 
The current was monitored at + 100mV. 
Right, corresponding I-V curves of the ex- 
periments shown on the left. The TREK2 
channel was co-expressed together with 
6HT4sR (A), mGluR2 (£), or mGluRl (C) 
receptors. The receptors were activated 
by application of 5-hydroxytryptamine 
(5HT) for 5HT4sR and glutamate for 
mGluRl and 2. No effect on TREK2 cur- 
rent were seen after 5-hydroxytryptamine 
and glutamate applications on COS cells 
transfected with only TREK2. 
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human TREK2. These channels have a similar tissue distribu- 
tion, except in the kidney, where TREK2 is not expressed in the 
rat although it is highly expressed in the human. In addition, 
they share many common functional properties such as single 
channel conductance and sensitivity to polyunsaturated fatty 
acids and stretch. However, despite of a high sequence identity 
(more than 70%), the cytoplasmic amino-terminal part encoded 
by the first exon (Fig. 1A) is clearly unrelated between these 
two channels, suggesting alternative splicing from a single 
gene. 

What Could Be the Physiological role of TREK2?— In neurons 
cultured from mesencephalic and hypothalamic areas of rat 
brain, several arachidonic acid-activated and mechano-sensi- 
tive K + currents have been characterized (15). Their functional 
properties are very similar to the properties of TREK-related 
channels. Three different native currents have been identified 
in neurons with I-V relationships being slightly outwardly rec- 
tifying or linear or slightly inwardly rectifying in high symmet- 
rical K + conditions. Under the same conditions, the I-V rela- 
tionship of TREK1 is slightly outwardly rectifying, and the I-V 
relationship of TRAAK is linear. These results together with 
the fact that TREK1 and TRAAK are expressed in brain areas 
that contain neurons expressing the native currents suggested 
that both cloned channels contribute to these native currents. 
None of the channels cloned until now corresponded to the 
third type of current with an inward rectification. From the 
Northern blot analysis, it appears that TREK2 is expressed in 
the same brain areas as TREK1. Since TREK2 produces cur- 
rents whose I-V relationship is slightly inwardly rectifying, we 
propose that TREK2 could form or contribute to the formation 



of this third type of native arachidonic acid-activated and 
mechano-sensitive current with inward rectification. These 
channels are expected to play a role in the control of neuronal 
excitability and, particularly, in the control of the resting mem- 
brane potential if they are active at rest in vivo. The level of 
TREK2 activity can be regulated by the three different types of 
G-protein-coupled receptors. This indicates that TREK2 activ- 
ity in neurons is probably fine-tuned by a variety of neurotrans- 
mitters and that TREK2 could play a role similar to the role of 
the Kjjp channel TASK1. In cerebellar granule cells and hypo- 
glossal motoneurons, TASK1 has a central importance in con- 
trolling cell excitability, and the modulation of its activity by a 
variety of neurotransmitters acting via G q -coupled receptors 
profoundly alters both resting membrane potential and excit- 
ability (33, 34). It is interesting to note that the signal trans- 
duction pathway by which G q -coupled receptor inhibits TASK1 
does not involve PKC or Ca 2+ (33, 34), as also observed for 
TREK2. A major difference between TASK1 and TREK2 is 
that TREK2 is also regulated via Gj- and G 8 -coupled receptors. 
TREK2 will probably turn out to be an important channel in 
charge of tuning neuronal excitability in response to a variety 
of neurotransmitters and hormones. The isolation and the 
characterization of TREK2 constitute an additional step to- 
ward the understanding of this particular class of K + channels, 
which probably plays a wide variety of important physiological 
roles in the brain and other tissues (11) and that, because it is 
a target of volatile anesthetics (Ref. 16 and this article) and 
riluzole, a neuroprotective drug (6, 30), might have an impor- 
tant impact in medicine. 
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Mechano-sensitive and fatty acid-activated K channels belong to the structural class of K 
channel with two pore domains (2P domains) TREK2 is a novel member of this family. 
This channel is closely related to TREK1 (78% of homology). TREK2 in human is 
abundantly expressed in pancreas and kidney and to a lower level in brain, testis, colon, 
and small intestine. In the central nervous system, TREK2 has a widespread distribution 
with the highest levels of expression in cerebellum, occipital lobe, putamen, and thalamus. 
In transfected cells, TREK2 produces rapidly activating and non-inactivating outward 
rectifier K currents. The currents can be strongly stimulated by polyunsaturated fatty acid 
such as arachidonic, docosahexaenoic, and linoleic acids and by lysophosphatidylcholine. 
The channel is also activated by acidification of the intracellular medium. TREK2 is blocked 
by application of intracellular cAMP. As with TREK1 , TREK2 is activated by the volatile 
general anesthetics chloroform, halothane, and isoflurane and by the neuroprotective 
agent riluzole. TREK2 can be positively or negatively regulated by a variety of 
neurotransmitter receptors. Stimulation of the Gs-coupled receptor 5HT4sR or the Gq- 
coupled receptor mGluRI inhibits channel activity, whereas activation of the Gi-coupled 
receptor mGluR2 increases TREK2 currents. These multiple types of regulations suggest 
that TREK2 plays an important role as a target of neurotransmitter action. 

TREK2 (KcnklO) 

Synthetic peptide from rat TREK2. 
Western blotting: 1 :500-1: 1,000 

Optimal working dilutions must be determined by the end user. 
Rat. Other species have not been tested. 
Rabbit serum 



PRESENTATION: Liquid with 0.05% sodium azide. 

STORAGE/HANDLING: Maintain at -20°C in undiluted for up to 6 months. Avoid repeated freeze/thaw cycles. 
RELATED REFERENCE: Bang, H., et al., PNAS.USA (1987) 84 (8):2532-2536. 



Important Note: 



During shipment, small voiumes of product will occasionally become entrapped in the seal of the 
product vial. For products with volumes of 200 pL or less, we recommend gently tapping the vial on 
a hard surface or briefly centrifuging the vial in a tabletop centrifuge to dislodge any liquid in the 
container's cap. 
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APPLICATION NOTES FOR AB5933 



WESTERN BLOT 

Solubilized brain extract was examined by SDS-PAGE (4-40% tris-glycine gel) under reducing conditions. The gel 
was transferred to a nitrocellulose membrane and blocked overnight at room temperature with casein blocking 
buffer. Following blocking, primary antibody was added for 4 hours at room temperature. Membranes were then 
washed and incubated with alkaline phosphatase conjugated secondary antibody (CHEMICON catalog number 
AP108A) for 45 minutes at room temperature. After washing the membranes were treated with BCIP/NBT 
substrate reagents (CHEMICON catalog number ES006 to visualize immobilized protein. 
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